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Heusler alloys are among the most promising materials class for future 
magnetoelectronic and spintronic applications. In this thesis, we report the 
investigation of Fe-based Heusler alloys as a representative of the full-Heusler 
compound family, as magnetic electrode in the magnetic tunnel junction (MTJ) 
with both in-plane and perpendicular magnetization. In the first part of the 
thesis, we study the epitaxial growth of Fe2CrSi (FCS) by sputtering and its 
implementation in in-plane MTJ structure. All tunnel magnetoresistance (TMR) 
is measured using current-in-plane tunneling (CIPT) technique. The epitaxial 
FCS thin film with B2-structure is obtained and 8.1% TMR has been achieved 
at room temperature. The TMR performance is optimized by the post-
annealing effect and the interface engineering. Next, we attempt to tune the 
Fermi level of FCS by doping with Co in order to achieve a higher TMR. A 
L21-structure Fe2Cr0.5Co0.5Si thin film is obtained and the TMR increases to 
15.6%. We further vary the composition x in Fe2Cr1-xCoxSi (FCCS) and 
systematically investigate their structural, magnetic, and transport properties. 
A TMR of 28% is obtained for in-plane MTJ using Fe2Cr0.3Co0.7Si. In the 
second part of the thesis, we demonstrate the perpendicular magnetic 
anisotropy (PMA) in ultra-thin FCCS film. The magnetic anisotropy energy 
density KU is obtained as high as 2.8 × 106 erg/cm3 for Fe2CrSi, which is very 
attractive for perpendicular MTJ (p-MTJ). The magnetic and transport 
properties of p-MTJ structure using ultra-thin FCCS at wafer level are studied 
in details. A very promising TMR of 51.3% (35.3%) has been attained for p-
MTJ using Fe2CrSi (Fe2Cr0.7Co0.3Si) by CIPT. Therefore, Fe-based Heusler 
alloy such as Fe2CrSi is a promising candidate for spintronic applications. 
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The last half of the 20th century could be called the microelectronics era, 
since the world testified a revolution based on a digital logic of electrons. 
From transistor to microprocessor, most electronic devices express data as 
binary digits, or bits, which are ones and zeros represented by the existence or 
absence of electric charges. The growth of microelectronics follows Moore’s 
Law, which shows that microprocessors will double in power every 18 months 
as electronic devices shrink and more logic is packed into one chip. However, 
with more and more electrical devices being packed into smaller and smaller 
spaces, the limit of physical space will prevent further expansion in the 
direction the microelectronics industry is currently going, since the size of 
individual bits approaches the dimension of atoms. Therefore, investigators 
have been eager to exploit another property of the electron, which is known as 
spin [1].  
 
1.1.1 Spintronics 
Spin is a purely quantum phenomenon like the directional behaviour of a 
compass needle. The top could spin in the clockwise or counter clockwise 
direction. Electrons have spin in which their compass needles can point either 
“up” or “down” in relation to a magnetic field. As a result, different spin 
directions can be used to represent ones and zeroes. The movement of spin can 
also carry information among devices. This offers opportunities for a new 
generation of devices combining standard microelectronics with spin-





and the magnetic properties of the material. One advantage of spin over charge 
is that spin can be easily manipulated by externally applied magnetic fields. 
Another property of spin is its long coherence or relaxation time. In other 
words, once created it tends to stay that way for a long time, unlike charge 
states, which are easily destroyed by scattering or collision with defects, 
impurities or other charges. The devices which make use of both the charge 
and spin properties of electrons together, called spintronics, would have the 
potential advantages of higher speed, low power consumption, non-volatility, 
and higher device densities. 
Spin relaxation (how spins are created and disappear) and spin transport 
(how spin move in metals and semiconductors) are fundamentally important 
not only as basic physics questions but also because of their demonstrated 
value as phenomena in electronic technology. Researchers of spintronic 
devices take two different approaches. The first is to seek to perfect the 
existing technology either by developing new materials with larger 
populations of oriented spins (called spin polarization) or by making 
improvements in existing devices to provide better spin filtering. The second 
effort focuses on finding novel ways both to generate and to utilize spin-
polarized currents, which is to actively control spin dynamics [2]. 
 
1.1.2 Magnetic tunnel junction (MTJ) 
Our first knowledge of how to alter the flow of electrons in a metal by 
directly varying the direction of the local magnetic moment came with the 





The new, spin-based electronics is from the discovery of the giant 
magnetoresistive (GMR) effect in 1988 [4], followed by the development of 
Al2O3-based magnetic tunnel junction (MTJ) in 1991 [5-13] and MgO-based 
MTJ at beginning of the new century [14-24]. The MTJ plays a very important 
role in HDDs and magnetoresistive random access memory (MRAM).  
A MTJ consists of two layers of ferromagnet separated by an ultrathin 
layer of insulator. The insulating layer is so thin that electrons can tunnel 
through the barrier if a bias voltage is applied between the two electrodes. In 
MTJ, the tunnelling current depends on the relative orientation of 
magnetization of the two ferromagnetic layers, which can be changed by an 
applied magnetic field. This phenomenon is called tunneling 
magnetoresistance (TMR) which is a consequence of spin-dependent tunneling.  
As illustrated in Fig. 1.1, in a magnetized ferromagnet, the density of 
states (DOS) differs between up and down spins, resulting in the intrinsic 
magnetization of the material. As a result, the magnet has more states 
available to one spin orientation than another. When a bias voltage is applied, 
electrons will tunnel through the insulating barrier layer depending on the 
availability of free states for its spin direction. Therefore, if two magnetic 
layers are parallel, majority of electrons in one ferromagnet F1 will find many 
states of similar orientation in the other ferromagnet F2, leading to a large 
current to tunnel through and a lowering of overall resistance. In the other 
hand, if F1 and F2 are antiparallel, both spin directions will encounter a 






Figure 1.1 Schematic illustration of electron tunneling in 
ferromagnet/insulator/ferromagnet tunnel junctions: (a) parallel and (b) 
antiparallel orientation of magnetizations with the corresponding spin 
resolved density of the d states in ferromagnetic metals that have exchange 
spin splitting ∆ex. Arrows in the two ferromagnetic regions are determined by 
the majority spin subband. Dashed lines depict spin conserved tunneling. F1 
and F2 indicate two ferromagnets, while I indicate insulator [25]. 
 
The corresponding tunneling magnetoresistance (TMR) is defined as 
ܶܯܴ ൌ ∆ܴܴ ↑↑ ൌ
ܴ ↑↓ െܴ ↑↑
ܴ ↑↑ ൌ
ܩ ↑↑ െܩ ↑↓
ܩ ↑↓  
where conductance G and resistance R=1/G are labeled by the relative 
orientations of the magnetizations in F1 and F2. The TMR is a particular 
manifestation of a magnetoresistance that yields a change of electrical 
resistance in the presence of an external magnetic field. Due to spin-orbit 
interaction, electrical resistivity changes with the relative direction of the 
charge current (for example, parallel or perpendicular) with respect to the 





tunneling matrix elements and that electrons tunnel without spin flip, TMR 
also can be expressed as follows: 
ܶܯܴ ൌ 2 ଵܲ ଶܲ1 െ ଵܲ ଶܲ 
where the polarization Pi = (NMi - Nmi) / ( NMi + Nmi) is expressed in terms 
of the spin resolved density of states NMi and Nmi, for majority and minority 
spin in Fi, respectively. Conductivity can be expressed as G↑↑~ NM1NM2 + 
Nm1Nm2 and G↑↓ ~ NM1Nm2 + Nm1NM2. 
Julliere reported 14% TMR in Fe/Ge/Co at 4.2K with oxidized amorphous 
Ge barrier in 1975 [26]. T. Miyazaki et al. obtained 30% TMR ratio at 4.2K in 
Fe/Al2O3/Fe triple layers [27] in 1995. Researcher found that TMR ratio is less 
than 70% for amorphous Al2O3 barrier [28]. Thereafter, Giant room 
temperature magnetoresistance using single crystalline MgO barrier layer in  
Fe/MgO/Fe magnetic tunnel junctions has been reported, which is 247% at 
20K, 180% at 293K in 2004 [29], and 604% at 300K in 2008 [30]. This is due 
to coherent tunneling through single crystalline MgO barrier layer.  
 
Figrue 1.2 Schematic illustration of electron tunneling through (a) an 






Figure 1.3 Decay lengths of evanescent states in crystalline MgO barrier layer. 
The four panels show the tunneling DOS for majority (upper left) minority 
(upper right), and antiparallel alignment of the moments in the two electrodes 
(lower panels) [13]. 
 
Coherent tunneling happens for crystalline barrier while incoherent 
tunneling occurs when electrons are tunneling through an amorphous barrier, 
as illustrated in Fig. 1.2. For incoherent tunneling case, all kinds of electrons 
at different states are passing through the barrier and scattering occurs, 
resulting in low TMR ratio. For the coherent tunneling case, take 
Fe/MgO(crystalline)/Fe for example as shown in Fig. 1.3, due to the symmetry 
compatibility with MgO band structure, the ∆1 state of Fe has the smallest 
decay rate, so all ∆1 state electrons can pass through the barrier. However, ∆2 
state has the largest decay rate, so most of ∆2 state electrons cannot reach the 
other side of MgO barrier. In addition, ∆5 state has slightly smaller decay rate 
than ∆2 state, but higher decay rate than ∆1 state, so some of ∆5 state electrons 





tunneling is higher than that of incoherent tunneling when electrons are 
passing through the barrier. 
 
1.1.3 Heusler alloy 
The spin injection is low in the metal-based spintronics device due to the 
mismatch of conductivity at the interface. One possible solution to overcome 
the conductivity mismatch is to use materials with high spin polarization. A lot 
of Heusler alloys have been predicted to have high spin polarization. Heusler 
alloys are half metallic ferromagnets, semiconducting for electrons of one spin 
orientation and metallic character for electrons with the opposite spin 
orientation. Moreover, Heusler alloys have advantages of better lattice 
constant matching with the III-V semiconductors, high Curie temperature 
above room temperature (RT) and large bandgap at Fermi level (EF) [34]. 
The discovery of Heusler alloys dates back to 1903 when Fritz Heusler 
[35, 36] reported that the addition of sp elements (Al, In, Sn, Sb or Bi) turn 
Cu-Mn alloy into a ferromagnetic material even through the alloy contains 
none of the ferromagnetic elements. The basic understanding of crystal 
structure and composition of these alloys remained unknown for a long time. 
In 1929, X-ray measurements of Potter [37] on Cu-Mn-Al alloy revealed that 
all constituents of this system was ordered on an fcc super lattice. Bradley and 
Rodgers [38] investigated Cu-Mn-Al system in detail using X-ray and 
anomalous scattering. The authors established a relationship between 






Figure 1.4 Crystalline structure of both (a) Half and (b) Full Heusler alloys; 
C1b and L21 structures, respectively. Atomically disordered structures, (c) B2 
and (d) A2 are also shown [34]. 
 
 
Figure 1.5 The periodic table indicating possible elements for half Heusler 
alloys XYZ or full Heusler alloys X2YZ [34]. 
  
After complete understanding of crystal structure numerous investigations 





two distinct groups by their crystalline structures; half Heusler alloys with the 
form of XYZ in the C1b structure and full Heusler alloys with the form of X2YZ 
in the L21 structure as shown schematically in Figs. 1.4 (a) and (b), 
respectively, where X and Y atoms are transition metals, while Z is either a 
semiconductor or a non-magnetic metal. The periodic table shown in Fig. 1.5 
indicates possible elements for Heusler alloys. X is located at (000) and (½ ½ 
½), Y is located at (¼ ¼ ¼), and Z is located at (¾ ¾ ¾). The unit cell of the 
L21 structure consists of four face-centered cubic (fcc) sublattices, while that 
of the C1b structure is formed by removing one of the X sites. For the L21 
structure, when the Y and Z atoms replace their sites (Y-Z disorder) and 
eventually occupy their sites absolutely at random, the alloy transforms into 
the B2 structure (Fig. 1.4(c)). In addition, X-Y and X-Z disorder finally forms 
the A2 structure (Fig. 1.4(d)) [34]. 
The fully ordered crystallographic L21 structure possesses a theoretically 
predicted full spin polarization at the EF, which is the cubic unit cell combined 
of four fcc sublattices A, B, C, and D aligned with the corners along the [111] 
direction and each occupied by one atomic species, respectively. In the 
resulting structure each atom has eightfold bcc-type nearest-neighbour 
coordination with highly symmetric site occupation. 
In full Heusler alloys, when the Y element is more electronegative than X, 
it becomes inverse Heusler alloys in the Hg2CuTi prototype. In this case, the X 
atoms are located in the non-equivalent (000) and (¼ ¼ ¼) Wychoff positions, 
while the Y and Z atoms occupy (½ ½ ½) and (¾ ¾ ¾) positions, respectively 
[39]. This structure is similar to the XYZ compounds with C1b structure, but 





The total moment of the full Heusler alloys follows the simple rule: Mt = 
Zt – 24 where Zt is the total number of valence electrons [40]. The total 
number of electrons Zt is given by the sum of the number of spin-up and spin-
down electrons, while the total moment Mt is given by the difference. Since 12 
minority bands of full Heusler alloys are fully occupied, a simple rule of 24 is 
obtained for half-metallicity in L21 Heusler alloys. 
This is analogue to the well-known Slater-Pauling behaviour [41]. Figure 
1.6 shows the calculated total spin magnetic moment for full Heusler alloys as 
a function of the total number of valence electrons. The dashed line represents 
the rule Mt = Zt – 24 obeyed by these compounds.  The total moment Mt is an 
integer quantity. The value 0 corresponds to the semiconducting phase. 
 
Figure 1.6 Calculated total spin moments for full Heusler alloys. The dashed 
line represents the Slater-Pauling behaviour. Open circles indicates the 









1.1.4 Perpendicular magnetic anisotropy (PMA) 
Ferromagnetic materials exhibit intrinsic “easy” and “hard” directions of 
the magnetization. This magnetic anisotropy is, from both the technological 
and fundamental viewpoint, one of the most important properties of magnetic 
materials.  An individual layer in a multilayer stack become thinner, the role 
of interfaces and surfaces may dominate that of the bulk. This is the case in 
many magnetic multilayers, where a perpendicular interface contribution to 
the magnetic anisotropy is capable of rotating the easy magnetization direction 
from in the film plane to perpendicular to the film plane. 
The perpendicular magnetic anisotropy (PMA) is a result of a magnetic 
anisotropy at the interface which considerably differs from the magnetic 
anisotropy in the bulk. This type of magnetic anisotropy, a so-called interface 
or surface anisotropy, was predicted already in 1954 by Néel to result from the 
lowered symmetry at the surface or interface. The first experiments which had 
revealed such an interface anisotropy were performed in 1968 by Gradmann 
and Müller on ultrathin NiFe films on Cu(111) [43]. What they observed was 
an easy axis perpendicular to the film plane for 1.8 monolayers of NiFe and 
furthermore that the magnetic anisotropy scaled with the reciprocal film 
thickness. For multilayers PMA was first observed in 1985 by Carcia et al [44] 
in the Co/Pd system and later on in several other Co-based multilayers: Co/Pt 
(Carcia 1988), Co/Au (den Broeder et al 1988), Co/Ru (Sakurai et al 1991) 
and Co/Ir (den Broeder et al 1991) [41].  
Compared with MTJs with in-plane magnetization of ferromagnetic 





of ferromagnetic electrodes show more advantages in high thermal stability 
and low critical current for spin-transfer torque induced magnetization 
switching [45,46].  
 
1.2 Motivation 
In most of the Heusler alloys, the half metallic property with high spin 
polarization is predicted through theoretical band structure calculations, such 
as Mn [47, 48], Co [49, 50], Cr [51, 52], or Fe-based [53, 54] Heusler alloys. 
There are only a few experimental reports available in the literature 
confirming the half-metallicity properties in these systems. In the last decades, 
Mn, Cr, or Co-based Heusler alloys have been widely studied [55-60]. Among 
all these compounds, Co-based Heusler alloys have attracted extensive 
investigations since they exhibit the highest Curie temperature and the highest 
magnetic moments per unit cell [61, 62]. Especially, the full Heusler alloy 
Co2MnSi has attracted great interest because it is predicted to have a large 
minority spin band gap of 0.4 eV and has high Curie temperature of 985 K [63, 
64]. Until now, the in-plane TMR ratio obtained for MTJs using Heusler 
alloys at room temperature is 354% by using Co2MnSi as the bottom 
electrodes [65], 360% for Co2FeAl [66], and 158% for Co2FeSi [67]. However, 
the in-situ annealing temperature of L21 structure is as high as 600ᵒC [65]. 
Higher temperature causes difficulties in industrial manufacture. As 
mentioned previously, the fully ordered crystallographic L21 structure is 
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Table 1.1 Comparison between FCS and typical Co-based full Heusler alloys. 
 
For Fe-based full Heusler alloys, they are new materials and few of them 
were investigated. Take Fe2CrSi (FCS) as an example, the in-situ annealing 
temperature for L21 structure is lower, which is preferred in industrial 
manufacturing. Luo et al. [68] have studied FCS theoretically, using the self-
consistent full potential linearized-augmented plane wave (FLAPW) code, 
based on the LSDA approximation, and experimentally using the VSM and 
SQUID magnetometry. Luo et al. [68] reported an energy gap of 0.42 eV and 
a total magnetic moment of 2 μB for Fe2CrSi ingots prepared by arc-melting 
the constituent elements. The reported magnetic moment of their melt-spun 
samples of 2.05 μB is in excellent agreement with their calculation. A total 
magnetic moment of 1.98 μB and a Curie temperature of 630 K for FCS were 
measured by Yoshimura et al. [69]. As listed in Table 1.1, the FCS possesses 
more advantages as follows [69, 70]. Firstly, the calculated majority DOS of 
FCS at EF is as high as 7.0 states/eV, which is about 5 times higher than that 
of Co2MnSi. This implies that its spin polarization is more robust against 





imperfections. Secondly, the magnetization of FCS is found to be small (2 
µB/f.u.), as compared to Co2-based Heusler alloy (4–6 µB /f.u.) [71-74]. This 
allows for a low critical current for spin transfer torque switching in spin 
torque devices [75]. Thirdly, FCS has a Curie temperature of 630 K, which is 
low enough for thermally assisted switching devices and yet high enough for 
device operation. So far, the TMR ratio obtained in in-plane MTJs using 
Heusler alloys are 360% for Co2FeAl [76, 77], 354% for Co2MnSi [78], 160% 
for Co2MnGe [79], and 158% for Co2FeSi [80]. The FCS film has been 
realized in B2 structure instead of L21 structure due to its structural instability 
[69]. Theoretical studies have shown that FCS in B2 structure is also expected 
to show high spin polarization [81-83]. Although there has been attempt to 
utilize FCS in MTJ structure [69], so far no TMR was obtained due to poor 
exchange bias (EB) effect. Hence, a high-quality MTJ involving FCS has yet 
to be achieved. One problem found that in order to achieve high TMR ratio at 
room temperature (RT) the DOS of majority spin of FCS at EF is very sharp 
and EF is near the edge of minority bandgap. Hence, the spin polarization of 
FCS may be strongly reduced by thermal fluctuation. The EF tuning by 
alloying a fourth element to ternary Heusler alloy has been proposed to solve 
this problem. This could enhance both the spin polarization and thermal 
stability to achieve high TMR at RT by shifting EF to the centre of minority 
bandgap.  
With regards to PMA, the conventional PMA materials such as rare-
earth/transition metal alloys [84, 85], Co/(Pd, Pt, Ni) multilayers [86, 87], and 
L10-ordered (Co, Fe)Pt alloys [88, 89] have their limitation for application due 





perpendicular anisotropy induced by MgO interface was shown as an efficient 
way to realize PMA for conventional magnetic storage materials such as 
CoFeB [90]. However, the damping constant of CoFeB increases sharply as its 
thickness decreases (less than 2 nm) [91], which would lead to the increase in 
the intrinsic critical switching current density. Therefore, materials with high 
spin polarization, low damping constant and good lattice matching with MgO, 
such as full Heusler alloys are promising PMA candidates for p-MTJs at sub-
50 nm dimension. The PMA has been observed in Heusler alloys Co2FeAl 
[92-94], Co2FeAl0.5Si0.5 [95], and Co2FeSi [96]. So far, the highest TMR ratio 
obtained in p-MTJ is using Co2FeAl as a bottom electrode with a value of 91% 
[97]. There is no report on the PMA in Fe-based Heusler alloys. 
In summary, Fe-based Heusler alloy FCS was chosen as the research 
subject. This includes the characterization of Fe2CrSi thin films and utilization 
in MTJs by optimizing several conditions, such as annealing, interfacial 
engineering and Fermi-level-tuning (Fe2Cr1-xCoxSi). In addition, the PMA in 
ultra-thin Fe2Cr1-xCoxSi films is systematically studied and the TMR effect in 




The objectives of the research work described in this dissertation are 





i. To epitaxially grow the Heusler alloy FCS thin film with high site 
order for high spin polarization and utilize it in in-plane MTJ structure. 
ii. To enhance TMR performance by tuning the EF of FCS close to the 
centre of minority band gap, i.e. Fe2Cr0.5Co0.5Si. 
iii. To enhance TMR performance further using Fermi-level-tuned Heusler 
alloys Fe2Cr1-xCoxSi with different Co composition x by co-sputtering 
technique. 
iv. To investigate the PMA in ultra-thin Fe2Cr1-xCoxSi films and utilize 
them in p-MTJs. 
 
1.4 Organization of thesis 
Chapter 1 provides a brief introduction on the background of MTJ 
structure, Heusler alloys and PMA as well as its importance in the study of 
spintronics. The motivations and objectives in studying Fe-based Heusler 
alloys are presented. 
Chapter 2 gives a literature review on Heusler alloys, TMR performance 
using Heusler alloys, as well as interfacial PMA in Heusler alloys. 
Chapter 3 describes the ultra-high vacuum magnetron sputtering system 
and key characterization tools that were employed. The experimental setup 
and the principles behind them are briefly discussed. 
Chapter 4 presents the growth of FCS Heusler alloy thin films as well as 
in-plane MTJs using FCS as the bottom electrode by sputtering. The structural, 
magnetic and transport properties are investigated. In addition, the interface 





Chapter 5 provides a discussion on the enhancement of TMR performance 
in in-plane MTJs using Co-doped FCS, i.e. Fe2Cr0.5Co0.5Si. The structural, 
magnetic, and transport properties are investigated. 
Chapter 6 presents a systematical study of Fermi-level-tuned Fe2Cr1-
xCoxSi Heusler alloys with different Co composition x by co-sputtering 
technique in in-plane MTJ applications. The structural, magnetic and transport 
properties are studied in details. 
Chapter 7 presents the studies of PMA in ultra-thin Fe2Cr1-xCoxSi Heusler 
alloy films and their applications in p-MTJs. The structural, magnetic, and 
transport properties are also investigated. 
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This chapter comprises of two parts. The first part gives an introduction of 
Heusler alloys for in-plane magnetic tunnel junction (MTJ) application, 
including Co-based Heusler alloys, Fe-based Heusler alloys and Fermi-level-
tuned quaternary Heusler alloys. The second part presents interfacial 
perpendicular magnetic anisotropy (PMA) in CoFeB as well as in Heusler 
alloys, and tunneling magnetoresistance (TMR) ratio obtained in 
perpendicular MTJs (p-MTJs). 
 
2.1 Full Heusler alloys for MTJ application 
Half-metallic ferromagnets (HMFs) have attracted much attention amidst 
increasing interest in the field of spintronics [1-3]. The so-called HMF has a 
band gap in one spin at the Fermi level (EF) whereas the other spin is strongly 
metallic, which results in a complete spin polarization of the conduction 
electrons at the EF. Therefore, this suggests that MTJs with HMF electrodes 
may be capable of extraordinarily high TMR ratios. Furthermore, HMFs will 
inject perfectly spin polarized electrons into the opposite ferromagnetic 
electrode through the tunnel barrier. Such highly efficient spin injection can be 
expected to result in a large reduction in critical current density for spin 
transfer switching in MTJs, which is desirable for the development of gigabit-
scale ultra-high-density magnetic memory (MRAM). The development of high 
quality MTJs with HMF electrodes is therefore significant. 
In 1983 de Groot et al [4] predicted a half-Heusler alloy NiMnSb to be 
half-metal by ab initio calculation. Figure 2.1(a) shows the majority band 





minority band structure of NiMnSb which has an energy gap straddling the EF. 
In addition, the flatness of some of the band structure implies that d electrons 
are playing a dominant role. They concluded that the exchange interaction of 
the Mn d electrons split above and below the EF, when combined with the 
intrinsic covalently bonded Sb p states, produce the metal-semiconductor 
asymmetry observed in the electronic structure of NiMnSb. Since then Heusler 
alloys have attracted considerable attention in the search for new HMFs. The 
first successful study on fabrication of MTJs was that using NiMnSb with C1b 
crystal structure [5]. The junction magnetoresistance (JMR) of a 
NiMnSb/Al2O3/NiFe junction was obtained with 9% at room temperature (RT). 
 
Figure 2.1 Band structure of NiMnSb for (a) the majority spin direction and (b) 







2.1.1 Co-based full Heusler alloys for MTJ application 
Ziebeck and Webster [6] were the first to synthesize full Heusler alloys 
containing Co. The compounds containing Co and Mn have attracted most of 
the attention. They are all strong ferromagnets with high Curie temperatures 
(above 600K) and except Co2MnAl they show very little disorder [7]. Ishida 
and collaborators have proposed that compounds of the type Co2MnZ, where 
Z stands for Si and Ge, are half-ferromagnets [8-10]. Later, Co2MnX (X = Si, 
Ge, Sn) [11], Co2CrAl, Co2CrGa, and Co2FeSi [12-17] were also reported to 
exhibit characters of HMFs in their electronic structures.  
 
Figure 2.2 The local DOS curves of Co2MnSi. The full and dotted curves 
distinguish the up- and down-spin state [9]. 
 
Take Co2MnSi (CMS) as an example. Figure 2.2 shows the local density 
of states (DOS) of CMS suggesting its half-metallicity for high spin 
polarization. Since then, a lot of research groups focus on the study of CMS 





polarization of L21 structure epitaxial CMS films. As shown in Fig. 2.3, 2θ-
scan indicated perfect (100)-preferred orientation. Consequently, clear (111) 
and (022) peaks with four-fold symmetry were obtained. The peak intensity 
ratio of I(111)/I(220) was about 5.0%, which agreed well with the simulated 
value of 5.9% for L21 structure. Furthermore, average surface roughness of 0.2 
nm was sufficiently small to form a high tunnel barrier.  
 
Figure 2.3 The XRD pattern of MgO/ Cr 40nm/CMS 30nm film. Insert (a) 
shows ϕ-scan measurements of (220) and (111) plane of CMS. Surface 
morphology of the CMS observed by AFM is shown in inset (b) [18]. 
 
Therefore, a lot of research groups focus on the investigation of TMR 
effect using CMS. Tsunegi et al. [18] have observed large TMR ratios of up to 
159% at 2K in MTJs with CMS/Al-O/CoFe structure. However, the TMR 
ratio at RT was only 70%. The large temperature dependence originates from 
the destruction of the half-metallic energy gap due to the thermal fluctuation 
of electronic DOS around the EF which will be discussed in details later. Then 





Ishikawa et al. [21] obtained 179% TMR ratio at RT for fully epitaxial 
CMS/MgO/CMS structure with 2.1 nm MgO barrier. Tezuka et al. [22] 
succeeded in observing a TMR ratio of over 200% at RT. This is related to the 
coherent tunneling process through the MgO barrier. In addition, theoretically, 
Miura et al. [23] showed that coherent tunneling through the MgO barrier 
could also occur and enhance TMR ratio in a CMS/MgO/CMS MTJ. 
Furthermore, Tsunegi et al. [24] succeeded in observing a TMR ratio as high 
as 217% at RT for CMS/MgO/CoFe MTJ, as illustrated in Fig. 2.4. Later, Liu 
et al. [25] reported giant TMR ratios of up to 1995% at 4.2K and up to 354% 
at 290K for epitaxial CMS/MgO/CMS MTJs featuring a reduced mismatch in 
the MTJ trilayer by introducing a thin CMS lower electrode deposited on a 
CoFe buffer layer, as shown in Fig. 2.5. The obtained giant TMR ratios can be 
explained by the enhanced contribution of coherent tunneling originating from 
the increased misfit dislocation spacing at the lower and upper interfaces with 
an MgO barrier along with the half-metallicity of CMS electrodes. 
 
Figure 2.4 Annealing temperature dependence of the TMR ratio of the 
CMS/MgO/CoFe-MTJ. The inset shows the MR curves of the samples as-






Figure 2.5 TMR ratios at (a) 4.2K and (b) 290K for MTJs using CMS as both 
top and bottom electrodes with MgO-buffer layer or CoFe buffer layer. γ=0.96 
[25].  
 
Another example is full Heusler alloy Co2FeAl (CFA). As shown in Fig. 
2.6, CFA is predicted to be HMF with high spin polarization [26]. Qiao et al. 
[27] achieved epitaxially growth of CFA with L21 structure with substrate 
temperature at 433K. From the XRD pattern in Fig. 2.7, the appearance of two 
satellite peaks, [111] and [311], and the principal peak, [002] represented the 
formation of the L21 structure of CFA.  
 
Figure 2.6 Curve of DOS of Co2FeAl for band of electrons with spins oriented 






Figure 2.7 XRD pattern of CFA films grown at 433K [27]. 
 
 
Figure 2.8  Representative TMR curves for exchange biased MTJs consisting 
of CFA/MgO/CoFe and CFA/MgO/CFA, deposited on a Cr-buffered MgO(100) 
substrate, respectively, and CoFe/MgO/CoFe deposited on a MgO-buffered 






A study of MTJs of CFA demonstrated a TMR ratio of about 50% at RT, 
independent of the substrate annealing temperature [28]. This result is in line 
with Tezuka et al. [29] who found a TMR ratio of roughly 50% at RT and of 
74% at 5K regardless if the structure was B2 or L21. Inomata et al. [30] 
reported a TMR ratio of 54% after substrate annealing for CFA with A2 
structure. Substrate annealing at temperature higher than 473K led to a B2 
structure and lowered the TMR ratio down to 35% [30]. This decrease in the 
TMR ratio was explained by an increase in the surface roughness [30]. In 2005, 
Okamura et al. [30] found a maximum TMR ratio of 47% at RT for CFA with 
A2 structure. Thus, MTJs of the full Heusler alloy CFA are either ordered in 
an A2, B2 or L21 structure. Assuming a B2 structure for CFA, the degree of 
spin polarization calculated upon the L21 structure is conserved [14, 31], but 
decreases rapidly for A2 structure [14, 31]. The TMR ratio obtained at RT for 
B2 structure CFA/MgO/CoFe MTJs is as high as 330% as shown in Fig. 2.8, 
and further enhancement of TMR ratio at RT up to 360% for 
CFA/MgO/CoFe/CFA MTJ [32, 33] by the improvement of CFA interface. 
 
2.1.2 Fe-based full Heusler alloys for MTJ application 
Another large family in full Heusler alloys is Fe-based alloys. Fujii et al. 
[34] predicted that Fe2MnSi were HMF theoretically. Later, Jain et al. [35] 
also calculated Fe2MnZ (Z = Al, Si, Ge) to be HMFs. The calculated DOS for 
Fe2MnZ (Z = Al, Si, Ge) alloy with the L21 structure obtained using the PBE-






Figure 2.9 DOS for Fe2MnX (X = Al, Si, Ge) [35]. 
 
Results show that the contribution to the hybridized states is mainly due to 
Fe and Mn 3d orbitals, which indicates a covalent character of their interaction. 
The contribution to the total DOS from Z is small. According to the 
calculation, Fe2MnSi has 100% spin polarization, while Fe2MnAl and 
Fe2MnGe have 93% and 98% spin polarization respectively. The total 
magnetic moment for Fe2MnZ (Z = Al, Si, Ge) is 2.019 µB, 3.008 µB, and 
3.022 µB respectively. According to Slater-Pauling curve, the magnetic 
moment per unit cell in multiples of µB is given by Mt = Zt – 24, where Zt 
denotes valence electrons in the unit cell. For Fe2MnZ (Z= Al, Si, Ge), there is 
a total of 2x8+7+3=26 valence electrons in the unit cell of Fe2MnAl, and 
2x8+7+4=24 in the Fe2MnSi/Ge. For this reason, the expected magnetic 





moment is same as Slater-Pauling curve for all. In Fe2MnZ, the Mn 
contribution to the total magnetic moment is large compared to Fe. It is 
observed that the Heusler alloys of X2MnZ where Z= Fe, Co or Ni, the Mn 
atoms fully occupied the Y-sites leading to an indirect d-d coupling achieved 
by conduction electrons making the Mn atoms ferromagnetically coupled 
resulting in a large magnetic moment. 
 
Figure 2.10 The total DOS of Fe2CrZ (Z = IIIb, IVb, Vb): (a) Z = Al, (b) Z = 
Ga, (c) Z = In, (d) Z = Si, (e) Z = Ge, (f) Z = Sn, (g) Z = P, (h) Z = As and (i) 
Sb. The solid and the broken lines indicate the up and the down spin state, 
respectively, and the vertical line shows the Fermi energy. The values of the 
spin polarization and the magnetic moment per formula unit are also shown 
[36]. 
 
Ishida et al. [36] studied Fe2CrZ (Z = Si, Ge, Sn) theoretically.  To 
investigate systematically the effect of Z atom on the electronic structure of 
Fe2CrZ, they chose nine elements as Z atom, which are 3sp, 4sp or 5sp 
elements and are also IIIb, IVb or Vb elements. The total DOS of Fe2CrZ are 





are similar but different in detail. The relative position between the Fermi 
energy and the peak and valley of DOS is significant for the spin polarization. 
First, the change of DOS due to changing Z atom was along a row of the 
periodic table from the IIIb to Vb element. Then, the number of sp electrons of 
Z atom increases from 3 to 5. This difference in Z atom brings increase in 
exchange splitting and the DOS for the up-spin (down-spin) state shifts toward 
negative (positive) energies. This results in the increase of the total magnetic 
moment per formula unit from about 1 to 3 µB. For the case Z = IIIb element, 
the Fermi energy was situated at the tail of the peak of the down-spin state, 
that is, DOS at EF in the minority spin state is not negligibly small. Therefore, 
the spin polarization of the case Z = IIIb elements is smaller, compared with 
the cases of Z = IVb and Vb elements. Thus, the cases of Z = IVb and Vb 
elements tend to be a HMF. Next, the change of DOS due to changing Z atom 
was along a column of the periodic table from the 3sp to the 5sp element. The 
difference in Z atom brings the increase in the lattice constant and the 
narrowing in energy band and the peak near the Fermi energy becomes higher. 
It follows that the change in spin polarization is small from the fact that the 
relative position of the Fermi energy and DOS hardly changes. To see the 
characteristics of DOS in more detail, the local DOS of Fe2CrSi are shown in 
Fig. 2.11 as an example of Fe2CrZ. These figures showed that the combination 
of Fe and Cr is suitable as the combination of X and Y to produce high DOS at 
EF in the majority spin state because the high peak at the Fermi energy shown 
in Fig. 2.9 (d) is mainly composed of the local DOS of Cr and Fe. The spin 
polarization of Fe2CrZ are very high except for the cases Y = Ga and In. Thus, 





in the majority spin state and low DOS at EF in the minority spin state of Cr 
and Fe is a candidate as half-metals and high-spin-polarization materials.  
 
Figure 2.11 The local DOS of Fe2CrSi: (a) DOS of Fe, (b) DOS of Cr. The 
solid and the broken lines indicate the up and the down spin state, respectively, 
and the vertical line shows the Fermi energy. The values of the magnetic 
moment per atom are also shown [36]. 
 
In addition, Luo et al. [37] studied a series of Fe2YSi (Y = Cr, Mn, Fe, Co, 
Ni) alloys both theoretically and experimentally. First principles FLAPW 
calculations were performed on the Fe2YSi alloys. It was found that, in Fe2YSi, 
when Y = Cr, Mn, they prefer the Y site, and when Y = Co, Ni, they prefer the 
(X, Z) site. From the electronic structure calculations, Fe2CrSi is predicted to 
be a HMF with a magnetic moment of 2 µB/f.u. and a gap of 0.42 eV. Fe2MnSi 
is also half-metallic when it is in the ferromagnetic state. The saturation 
magnetic moments of Fe2YSi at 5 K were measured and compared with the 
theoretical value as illustrated in Table 2.1. Most of them fit the theoretical 
one quite well. In particular, the saturation magnetic moment of Fe2CrSi is 





Pauling rule. The Curie temperatures of the Fe2YSi alloys are all higher than 
500 K except for Fe2MnSi, which has a Curie temperature below RT. The 
effect of lattice distortion on the electronic and magnetic properties of Fe2CrSi 
and Fe2CoSi was studied. It is found that Fe2CrSi is half-metallic from −3% to 
+1% uniform lattice distortion, which is preferred in systems containing large 
strain, such as thin films. The change of the magnetic properties and half 
metallic character is mainly due to the shift of the EF with respect to the gap. 
 
 
Table 2.1 The experimental lattice constant, calculated total and partial 
magnetic moment, saturation magnetic moment at 5 K and Curie temperature, 
together with the spin polarization ratio for Fe2YSi (Y = Cr, Mn, Fe, Co, Ni) 
alloys. In the table, cal. indicates the theoretical value and exp. indicates the 
experimental value [37]. 
 
However, there are fewer experimental results on Fe-based full Heusler 
alloys. According to all these theoretical studies, Fe2CrSi with high spin 
polarization is a promising candidate for MTJ application, which will be 







2.1.3 Fermi-level-tuned quaternary Heusler alloys for MTJ 
application 
As mentioned previously, the TMR ratio of MTJs using full Heusler 
alloys is reduced dramatically at RT. For example, as shown in Table 2.2, 
TMR ratios of 1910% at 4.2K and 354% at RT have been achieved using 
CMS electrodes [25]. Similarly, TMR ratio of 700% at 10K is reduced to 330% 
at RT for MTJs using CFA electrodes as shown in Fig. 2.12 [33]. These 
changes are attributed to the fact that EF of these compounds is near the 
bottom of the conduction band or the top of the valence band. Therefore, these 
materials will be more suitable for use as electrodes in MTJs if their EF is 
located in the middle of the bandgap. Interestingly, it has been found that the 
position of the EF of ternary Heusler alloys can be tuned by doping with a 
fourth element, such as CoMnFeSi, CoFeAlSi, and CoMnAlSi [38, 39]. 
 
Figure 2.12 Plots of detailed evolution of TMR ratio versus temperature for 
MTJs of CFA/MgO/CoFe, CFA/MgO/CFA, and CoFe/MgO/CoFe. The TMR 
ratios increase as the temperature is reduced attaining a value of 700%, 415%, 
and 268% at 10 K for CFA/MgO/CoFe, CFA/Mg/CFA, and CoFe/MgO/CoFe 






Table 2.2 Typical TMR ratios at 4.2 K and 290 K for a MTJ from MTJ using 
Co2MnxSiy as both top and bottom electrodes [25]. 
 
There exist large assortments of substitutional quaternary alloys of the 
type X2Y1-xY’xZ or X2YZ1-xZ’x. One of the early substitutional series that 
attracted interest as potential material for magneto-electronics was Co2Cr1-
xFexAl [40-43]. The drawback of this series is that it is hard to be stabilized in 
the L21 structure. Mostly a mixture of atoms in Y and Z positions is observed 
leading to B2-like disorder [44]. However, the disorder destroys the half-
metallic properties [43]. Moreover, the series of Heusler alloys Co2Mn1−xFexSi 
has attracted particular interest because it exhibits the L21 structure over the 
whole range of x [45]. The Curie temperatures of the end members are 985 K 
[46, 47] and 1100 K [48, 49] for the Mn and Fe containing compounds, 
respectively. The end members of the series Co2Mn1−xFexSi, that are the purely 
Mn or Fe containing compounds, have been used for fabrication of MTJs [50, 
51]. There is still an improvement in the materials necessary for successful 
device applications, in particular with respect to their temperature behavior. 
As shown in Fig 2.13 [52], the EF of Co2MnSi is close to the top of the 
minority valence band, while the EF of Co2FeSi is close to the bottom of the 
minority conduction band. This could be one of the main reasons causing the 






Figure 2.13 Band structure and DOS of Co2MnSi and Co2FeSi [52]. 
 
Balke et al. [52] investigated the substitutional series of the quaternary 
Heusler compound Co2Mn1−xFexSi both experimentally and theoretically. The 
results found from the LDA+U calculations for the magnetic moment closely 
follow the Slater-Pauling curve. The shift of the minority gap with respect to 
the Fermi energy, from the top of the minority valence band to the bottom of 
the minority conduction band as shown in Fig. 2.14, makes both systems 
rather unstable with respect to their electronic and magnetic properties. The 
calculated band structures suggest that the most stable compound in a half 
metallic state will occur at an intermediate Fe concentration. These theoretical 
findings are supported by the experiments. They found that all samples of the 
substitutional series exhibit an L21 structure that is independent of the Fe 
concentration x. The observed structural order-disorder phase transition from 





measurements show only a negligible paramagnetic contribution confirming 
the high degree of order over the whole substitutional series. In agreement 
with the expectation from the Slater-Pauling curve, the magnetic moment 
increases linearly with x from 5 µB to 6 µB. True bulk sensitive, high-energy 
photoemission bears out the inclusion of electron-electron correlation in the 
calculation of the electronic structure and gave indirect evidence for the gap in 
the minority states. Both valence band spectra and hyperfine fields indicate an 
increase of the effective Coulomb exchange parameters with increasing Fe 
concentration. From both the experimental and computational results, they 
concluded that a compound with an intermediate Fe concentration of about 50% 
should be most stable and best suited for spintronic applications. 
 







Figure 2.15 Spin resolved DOS of Co2FeAl1−xSix. The panels (a)–(e) show—
from top to button—the DOS with increasing amount of Si for x = 0, 0.25, 0.5, 
0.75, and 1. The DOS is calculated using LDA+U [53]. 
 
Similarly, Fecher et al. [53] investigated the quaternary full Heusler alloys 
Co2FeAl1-xSix as shown in Fig. 2.15. For the two end members, Co2FeAl and 
Co2FeSi, the Fermi energy is close to the band edges of the minority states. 
For x ≈ 0.5, the calculations predict that the Fermi energy is located in the 
middle of the gap of the minority states. This behavior will make 
Co2FeAl0.5Si0.5 stable against temperature variations. Tezuka et al. [54] 
reported about tunnel junctions built from the iso-electronic compound 
Co2FeAl0.5Si0.5. The junctions exhibited TMR ratios of 76% at 300 K and 106% 
at 5 K for the B2 structure while that with L21 structure showed 51% and 78% 





were larger than the ones found using pure Co2FeAl or Co2FeSi electrodes. In 
2007, Tezuka et al. [55] reported a TMR ratio of 220% at RT for MTJs using 
Co2FeAl0.5Si0.5. 
 
2.2 Interfacial Perpendicular Magnetic Anisotropy (PMA)  
In the early development state, rare earth (RE) and transition metal (TM) 
alloys, such as TbCoFe and GdCoFe, were adopted to obtain PMA in MTJ 
devices [56, 57]. However, the magnetic property of such a device is sensitive 
to the unavoidable oxidation of RE element during the fabrication process, 
especially for sub-100 nm size. In addition, RE-TM alloys have a low Curie 
temperature, and they may lose their PMA after annealing close to 300 oC 
(needed for MgO-based MTJ). Another method to obtain PMA is to use 
multilayer structures of magnetic and heavy nonmagnetic TM such as Co/Pt 
[58], Co/Pd [59, 60], and Co/Au [61]. It has been shown that the onset of 
PMA at these interfaces is related to an increase in the orbital momentum of 
Co [61] due to the strong hybridization between the 3d orbitals of the 
transition metal and the 5d orbitals of heavy metal [58]. This hybridization 
enhances the energy splitting between the Co 3dz2 and the Co 3dx2−y2 orbitals 
and induces a charge transfer between the two layers [62-64]. As a result, the 
combination between spin-orbit interaction and hybridization-induced charge 
transfer leads to PMA. Thus, the presence of a heavy nonmagnetic layer (Pt, 
Pd, Au, W, Mo) was believed to be essential to obtain large PMA. However, 
Monso et al. have shown that PMA could be observed also at Co(Fe)/MOx 





interaction at the interface. Surprisingly large PMA values, up to 1 to 2 
erg/cm2, have been reported, which are comparable or even larger than the 
PMA observed at Co/Pt or Co/Pd interfaces [67, 68]. This result is quite 
general and has been observed in both crystalline (MgO) and amorphous 
(AlOx) barriers, using both natural or plasma oxidation [69, 70]. The PMA 
could be dramatically improved under annealing [71, 72], and x-ray 
photoemission spectroscopy has demonstrated that the PMA could be 
correlated without ambiguity with the presence of oxygen atoms at the 
interface [69, 70]. In fact, a correlation between PMA and oxidation 
conditions has been demonstrated for a wide range of FM/MOx including 
those based on CoxFe1−x , thus indicating that the phenomenon is quite general 
at interfaces between magnetic TM and oxygen-terminated oxides. 
 
2.2.1 Interfacial PMA in CoFeB for MTJ application 
Most of the available PMA materials have been explored as MTJ 
electrodes, including the RE/TM alloys [73-75], L10-ordered (Co, Fe)/(Pt, Pd) 
alloys [76, 77], and Co/(Pt, Pd, Ni) multilayers [78-80]. However, all these 
material systems suffer from either difficulties in integrating them into MTJs 
with high magnetoresistance ratio, or insufficient chemical/thermal stability, 
or large critical current needed for current induced magnetization switching 






Figure 2.16  In-plane and out-of-plane magnetization curves for CoFeB/MgO. 
(a) 2.0 nm CoFeB. (b) 1.3 nm CoFeB. Inset: CoFeB thickness dependence of 




Figure 2.17 TMR for MTJs with a 150nm diameter. TMR curves for an 
annealed MTJ at 300 oC. (a) Out-of-plane magnetic field. (b) In-plane 





A real breakthrough is the discovery of appreciable interfacial PMA in the 
widely adopted Ta/CoFeB/MgO films for conventional in-plane MTJs [81], 
and by incorporating this interfacial PMA high performance perpendicular 
MTJs have been demonstrated in 2010. As shown in Fig. 2. 16, the easy axis 
of magnetization of a CoFeB layer is in-plane of the film for a relatively large 
thickness (more than 1.5 nm or so) while it is oriented in the out-of-plane 
direction for small thickness. The PMA energy density of the CoFeB/MgO 
system increases with reducing CoFeB thickness. The TMR ratio of 121% was 
achieved after 350 oC annealing, as illustrated in Fig. 2.17. 
Further study shows that, electric field can be used to assist magnetization 
switching by reducing the current density by two orders of magnitude in the 
perpendicular Ta/CoFeB/MgO based MTJs [82]. These exciting findings 
represent the significant steps towards the next-generation spintronic devices. 
However, for practical device development, the interfacial PMA in the 
Ta/CoFeB/MgO system is insufficient to some extent. It will not only limit the 
device density scalability, but also challenge the layer deposition and MTJ 
fabrication technique considering the ultrathin CoFeB layer with a very 
narrow tunable thickness range. Physically, whether the Ta/CoFeB interface 
contributes to PMA in the Ta/CoFeB/MgO system is still an open question 
although the presence of PMA at CoFeB/MgO interface is widely accepted 
[83]. Shimabukuro et al. predicted that the out-of-plane magnetocrystalline 
anisotropy of the Fe monolayer on a MgO(001) substrate originated from the 
hybridization of Fe-3d and O-2p orbitals by using first principle calculations 
[84, 85]. Several studies tried to optimize the PMA and to clarify its origin by 





the buffer layer [86], the oxidation condition at the interface [85, 87] and the 
annealing temperature [88]. Ikeda et al. [81] first ascribed the observed PMA 
in Ta/CoFeB/MgO to the contribution of the CoFeB/MgO interface. Wang et 
al. [82] further claimed that the PMA in Ta/CoFeB/MgO structure was totally 
originating from the CoFeB/MgO interface based on the observation that PMA 
only developed when MgO thickness exceeded 1 nm. However, Worledge et 
al. [86] asserted that the Ta/CoFeB interface also introduces substantial PMA 
judging from the fact that the Ta/CoFeB/MgO films have an appreciably 
larger PMA than the Ru/CoFeB/MgO films. Until now, the origin of the PMA 
in CoFeB has still been unclear. 
One main drawback of CoFeB is that the Gilbert damping constant ɑ of 
CoFeB films was found to increase with decreasing the films thickness as 
shown in Fig. 2. 18 [81]. Since the spin transfer torque (STT) switching 
current density is proportional to ɑ, this might constitute a disadvantage for 
STT switching. 
 








2.2.2 Interfacial PMA in Heusler alloys for MTJ application 
 
Figure 2.19 In-plane and out-of-plane magnetic hysteresis loops for (a) 0.8 
nm and (b) 1.6 nm CFA films, respectively, which were annealed at 350 °C for 
one hour with 5000 Oe out-of-plane magnetic field [91]. 
 
Recently, a material that seems to be an ideal candidate as ferromagnetic 
electrode for p-MTJs is full Heusler alloy, such as Co2FeAl (CFA). As we 
have discussed previously, a high TMR of 360% at RT was obtained for in-
plane MTJs using a CFA electrode [32, 33] due to high spin polarization. The 
CFA is also known to possess a very low damping constant ɑ as low as 0.001 
[89], which is significantly lower than the value of  0.01 for CoFeB [90]. As 
shown in Fig. 2.19, Wen et al. [91] reported that the PMA in 0.8 nm CFA 
films appeared after annealing, whereas magnetic easy axis was in-plane 





with optimized oxygen content and the cleaned interface. They explained the 
PMA by the hybridization between ferromagnetic Co or Fe 3d and O 2p 
electron orbitals at the interface of CFA/MgO. The hybridization of 3dz2 and 
2pz orbitals reduces the Co-O or Fe-O binding energy of perpendicular to the 
interface between CFA and MgO, which becomes lower than that of orbitals 
lying in the plane, resulting in strong PMA at the interface. PMA was also 
found in Pt/CFA/MgO [92], and Ta/CFA/MgO [93] trilayer structures. 
 
Figure 2.20 Annealing temperature dependence of TMR ratio at RT for 
CFA/MgO/CoFeB-based perpendicular MTJs [94]. 
 
Wen et al. fabricated p-MTJs using CFA full-Heusler alloy and observed 
a TMR ratio of 53% at RT in Cr/CFA/MgO/CoFeB perpendicular MTJs as 
shown in Fig. 2.20 [94]. The TMR ratio was enhanced to 91% (82%) by 
inserting a 0.1-nm-thick Fe (Co50Fe50) layer between the MgO and CoFeB 
layers. They suggested that the suppression of interdiffusion of B from CoFeB, 
improvements of B2 ordering of the CFA, and interface structures are essential 
for achieving a higher TMR. So far, this is the only TMR ratio reported for p-






Figure 2.21 M-H loops for CFAS 4.8 nm/MgO sample post-annealed at 300 
oC [95]. 
 
In 2007, Li et al. [95] reported the PMA in annealed Co2FeAl0.5Si0.5 
(CFAS) /MgO-based multilayers with the thickness up to 4.8 nm, as shown in 
Fig. 2.21. X-ray photoelectron spectroscopy analysis demonstrated that the 
origin of the PMA is the hybridization between Co 3d and O 2p orbitals at the 
CFAS/MgO interface.  
In 2014, Takamura et al. [96] reported that full Heusler alloy Co2FeSi 
(CFS) exhibited PMA when the CFS layer had a thickness of 0.6 - 1.0 nm in 
CFS/MgO stack layers, as illustrated in Fig. 2.22.  The origin of the observed 
PMA was then investigated by comparing samples with and without MgO 
layer. Figure 2.20(f) shows the hysteresis loops for the sample with a 1.0 nm 
CFS film, but without an MgO layer, and it can be seen that the sample 
without an MgO layer had in-plane magnetic anisotropy, even when CFS layer 
thickness was 1.0 nm. Based on these results, they concluded that the observed 






Figure 2.22 (a) Schematic of stacked sample structures. In-plane and out-of-
plane magnetic hysteresis loops of the stacked layers for (b) 0.6 nm CFS, (c) 
0.8 nm CFS, (d) 1.0 nm CFS, and (e) 2.0 nm CFS with an MgO layer, and (f) 






Table 2.3 summarizes the TMR ratio reported using Heusler alloys and 
CoFeB for both in-plane and perpendicular MTJs.  So far, the highest TMR 
ratio in in-plane MTJs is obtained as high as 604% for CoFeB [97]. For 
Heusler alloys, Co2MnSi and Co2FeAl have achieved the highest TMR ratio in 
in-plane MTJs with 354% [25] and 360% [32, 33], respectively. Furthermore, 
Fermi-level-tuned quaternary Heusler alloy Co2FeAl0.5Si0.5 also attracts much 
attention by tuning the EF closer to the center of minority bandgap and the 
TMR ratio is achieved at 220% [55]. For p-MTJs, the TMR ratio is obtained at 
121% for CoFeB [80], while only Co2FeAl in Heusler alloys has achieved 
TMR ratio at 91% [94]. The PMA has been obtained in ultra-thin Heusler 
alloys Co2FeSi [94] and Co2FeAl0.5Si0.5 [95] films, but there is no TMR ratio 
has yet to be reported. Last but not the least, there is no TMR ratio reported 
using Fe-based Heusler alloy for both in-plane and p-MTJs. 
 Co2MnSi Co2FeAl Co2FeSi Co2FeAl0.5Si0.5 CoFeB 
TMR for  
in-plane MTJ 
354% 360% 158% 220% 604% 






Not reported 121% 
Table 2.3 Summary of the TMR ratio reported using Heusler alloys and 
CoFeB for both in-plane and perpendicular MTJs.      
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This chapter presents the deposition system and characterization 
techniques. The ultrahigh vacuum magnetron sputtering system was used to 
synthesize the samples. Subsequently, various characterization methods were 
used to study the structural, magnetic, interface and transport properties of the 
samples. The structural properties were characterized by atomic force 
microscopy (AFM) and x-ray diffraction (XRD). The magnetic properties 
were characterized by vibrating sample magnetometer (VSM) or alternating 
gradient magnetometers (AGM). The interface property was investigated 
using x-ray photoelectron spectroscopy (XPS) and transmission electron 
microscopy (TEM). The current in-plane tunneling (CIPT) technology was 
employed to study the tunneling magnetoresistance (TMR) performance in the 
samples. 
 
3.1 Ultrahigh vacuum magnetron sputtering 
Sputtering is the preferred vacuum deposition technique used by 
manufacturers of semiconductors, CDs, disk drives, and optical devices. It is a 
technique used to deposit thin films of a material onto a surface. Sputtered 
films exhibit excellent uniformity, density, purity and adhesion.  
Figure 3.1 shows the schematic image of sputtering vacuum deposition 
process. First of all, substrates are placed into the vacuum chamber, and are 
pumped down to their process pressure. Sputtering starts when a negative 
charge is applied to the target material which is the material to be deposited, 
causing a plasma or glow discharge. By accelerating the ions from this plasma 





the arriving ions via energy transfer and is ejected in the form of neutral 
particles - either individual atoms, clusters of atoms or molecules. As these 
neutral particles are ejected they will travel in a straight line unless they come 
into contact with something - other particles or a nearby surface. If a 
"substrate" such as a Si or MgO wafer is placed in the path of these ejected 
particles it will be coated by a thin film of the source material [1, 2].  
 
Figure 3.1 Schematic image of sputtering vacuum deposition process [3]. 
 
Sometimes described as the "fourth state of matter" (the first three being 
solid, liquid, gas), a gaseous plasma is actually a "dynamic condition" where 
neutral gas atoms, ions, electrons and photons exist in a near balanced state 
simultaneously. An energy source is required to "feed" and thus maintain the 
plasma state while the plasma is losing energy into its surroundings. One can 





vacuum chamber and allowing the chamber pressure to reach a specific level 
(eg. 10-7 Pa) and introducing a live electrode into this low pressure gas 
environment using a vacuum feed through. 
An important advantage of sputtering is that even materials with very high 
melting points are easily sputtered while evaporation of these materials in a 
resistance evaporator or Knudsen cell is problematic or impossible. Sputter 
deposited films have a composition close to that of the source material. 
Sputtered films typically have a better adhesion on the substrate than 
evaporated films. Sputtering can be performed top-down while evaporation 
must be performed bottom-up. Advanced processes such as epitaxial growth 
are possible. Some disadvantages of the sputtering process are that the process 
is more difficult to combine with a lift-off process for structuring the film. 
This is because the diffuse transport, characteristic of sputtering, makes a full 
shadow impossible. Thus, one cannot fully restrict where the atoms go, which 
can lead to contamination problems. Also, active control for layer-by-layer 
growth is difficult compared to pulsed laser deposition and inert sputtering 
gases are built into the growing film as impurities. 
Magnetron sputtering offers higher ionization rates and less electron 
damage to the target material than traditional sputter deposition techniques. In 
this process, a magnet is introduced behind the power source to stabilize the 
free electrons, protect the target material from electron contact, and also 
increase the likelihood that the electrons will ionized the argon atoms. The 
magnet creates a field that keeps the electrons restrained and trapped above the 





curved, the path of the electrons in the chamber is extended through the stream 
of argon, improving ionization rates and decreasing the time until the thin film 
is complete [4]. Magnetron sputtering can be done either in direct current (DC) 
or radio frequency (RF) modes. DC sputtering is done with conduction 
materials. If the target is a non-conducting material the positive charge will 
build up on the material and it will stop sputtering. RF sputtering can be done 
both conducting and non-conducting material. The system consists of four 
chambers. The base pressure is ≤ 10-7 Pa. The first chamber is pre-cleaning 
chamber which is for degassing substrates before any deposition. The second 
chamber is process 1 chamber. It contains six targets, in which two of them are 
RF and the rest are DC. RF sputtering works well to produce highly insulating 
oxide film with the added expense of RF power supplied and impedance 
matching network. However, RF sputtering requires higher power to achieve 
the same rate of sputter deposition since RF system use energy to remove the 
electrons from the gas plasma atoms’ outer electron shells while DC sputtering 
involve the direct bombardment of the gas plasma atoms by electrons. The 
third chamber is plasma oxidation chamber which is only for MgO deposition 
to avoid oxidation of other targets. The fourth chamber is process 2 chamber 
which contains three RF targets and it is also applicable for high in-situ 
annealing temperature up to 700 oC.   
 
3.2 Characterization techniques 
The structural properties are characterized by AFM, XRD, EDS, XPS and 





crystal structures and orientations, respectively. The XPS are used to examine 
the chemical state of the elements in the film and thereby determine the 
chemical composition and depth profile. The TEM is used to image the sample 
at atomic resolution. It shows not only the crystal structure and the interface 
quality of each layer, but also capable of determining the chemical 
composition of specific region when equipped with an energy dispersive X-ray 
spectroscopy (EDS) system. These techniques are indispensable in materials 
research. The magnetic properties were characterized mainly using VSM or 
AGM. Additionally, hysteresis loops also provide information on coercivity 
and saturation magnetization. The transport property was studied by CIPT. 
 
3.2.1 Atomic force microscopy (AFM) 
The atomic force microscopy (AFM) or scanning force microscopy (SFM) 
is a very high-resolution type of scanning probe microscopy, with 
demonstrated resolution on the order of fractions of a nanometer, more than 
1000 times better than the optical diffraction limit. AFM overcomes a basic 
drawback with Scanning Tunneling Microscope (STM), i.e. it can only image 
conduction or semiconducting surface. AFM is able to image almost any type 
of surface, including polymers, ceramics, composites, glass, and biological 
samples. The AFM has undergone several enhancements over the years, 
allowing it to measure the local resistivity, temperature, elasticity, tribology, 






Figure 3.2 Schematic image of Atomic Force Microscope (AFM) [5]. 
 
As shown in Fig. 3.2, the AFM consists of a cantilever with a sharp tip at 
its end that is used to scan the specimen surface. When the tip is brought into 
proximity of a sample surface, forces between the tip and the sample lead to a 
deflection of the cantilever according to Hooke's law. Depending on the 
situation, forces that are measured in AFM include such as mechanical contact 
force, van der Waals forces, capillary forces, chemical bonding, electrostatic 
forces, magnetic forces, Casimir forces, and solvation forces. Along with force, 
additional quantities may simultaneously be measured through the use of 
specialized types of probe (such as scanning thermal microscopy, scanning 
joule expansion microscopy, and photothermal microspectroscopy). Typically, 
the deflection is measured using a laser spot reflected from the top surface of 
the cantilever into an array of photodiodes. Other methods that are used 
include optical interferometry, capacitive sensing or piezoresistive AFM 
cantilevers. These cantilevers are fabricated with piezoresistive elements that 





due to deflection can be measured, but this method is not as sensitive as laser 
deflection or interferometry [6]. 
 
3.2.2 X-ray diffraction (XRD) 
English physicists Sir W.H. Bragg and his son Sir W.L. Bragg developed 
a relationship in 1913 to explain why the cleavage faces of crystals appear to 
reflect X-ray beams at certain angles of incidence (theta, θ), as illustrated in 
Fig. 3.3. The variable θ is the distance between atomic layers in a crystal, and 
the variable lambda λ is the wavelength of the incident X-ray beam; n is an 
integer. This observation is an example of X-ray wave interference 
(Roentgenstrahlinterferenzen), commonly known as X-ray diffraction (XRD), 
and was direct evidence for the periodic atomic structure of crystals postulated 
for several centuries. 
XRD is a rapid analytical technique primarily used for phase 
identification of a crystalline material and can provide information on unit cell 
dimensions. The analyzed material is finely ground, homogenized, and 
average bulk composition is determined. XRD can be used to measure the 
average spacing between layers or rows of atoms, to determine the orientation 
of a single crystal or grain, to find the crystal structure of an unknown material 






Figure 3.3 Bragg’s Law: nλ=2dsinθ [7]. 
 
 
Figure 3.4 Basic features of typical XRD experiment [7]. 
 
XRD consist of three basic elements: an X-ray tube, a sample holder, and 
an X-ray detector. X-rays are generated in a cathode ray tube by heating a 
filament to produce electrons, accelerating the electrons towards a target by 
applying a voltage, and bombarding the target material with electrons. When 
electrons have enough energy, characteristic X-ray spectra are produced. 





consist Kα1 and Kα2. Kα1 has a slightly shorter wavelength and twice the 
intensity as Kα2. The specific wavelengths are characteristic of the target 
material (Cu, Fe, Mo, Cr). Filtering is required to produce monochromatic X-
rays needed for diffraction. As demonstrated in Fig. 3.4, these X-rays are 
collimated and directed onto the sample. As the sample and detector are 
rotated, the intensity of the reflected X-ray is recorded. When the geometry of 
the incident X-rays impinging the sample satisfies the Bragg Equation, 
constructive interference occurs and a peak in intensity occurs. A detector 
records and processes this X-ray signal and converts the signal to a count rate 
which is then output to a computer. The geometry of an X-ray diffractometer 
is such that the sample rotates in the path of the collimated X-ray beam at an 
angle θ while the X-ray detector is mounted on an arm to collect the diffracted 
X-rays and rotates at an angle of 2θ [8,9]. 
 
3.2.3 Vibrating sample magnetometer (VSM) 
The magnetic properties of solid are very important, and attempts to 
understand them have led to a deep insight into the fundamental structure of 
many solids, both metallic and non-metallic. The vibrating sample 
magnetometer (VSM) is a simple effective technique for measure the magnetic 
moment, the most fundamental quantity in magnetism, of solid samples.  
VSM operates on Faraday’s Law of Induction, which tells us that a 
changing magnetic field will produce an electric field. This electric field can 
be measured and tell us information about the changing magnetic field. If a 





the poles of an electromagnet, a dipole moment will be induced. If the sample 
vibrates with sinusoidal motion, a sinusoidal electrical signal can be induced 
in suitable placed pick-up coils. The signal has the same frequency of 
vibration and its amplitude will be proportional to the magnetic moment, 
amplitude, and relative position with respect to the pick-up coils system.  
 
Figure 3.5  Schematic diagram of VSM apparatus showing: (1) coil 
measurement signal path from the lock-in to LabVIEM via GPIB, (2) signal 
from the detection coils, (3) driving signal from the lock-in to the mechanical 
vibrator, (4) the power supply connection to the magnet, (5) the power supply 
control signal from LabVIEM, (6) the Hall-probe input to LabVIEM via the 
DAC, (7) mechanical vibrator, (8) electromagnet, (9) magnet pole pieces, (10) 
detection coil, (11) drinking straw shaft, and (12) Hall probe[10]. 
 
A typical measurement of a sample is taken in the following manner as 
shown in Fig. 3.5. After the strength of the constant magnetic field is set, the 
sample begins to vibrate. The signal received from the probe is translated into 
a value for the magnetic moment of the sample. Then the strength of the 





again gets translated into a value for the magnetization of the sample. 
Similarly, the constant magnetic field varies over a given range, and a plot of 
magnetization versus magnetic field is generated [11]. 
 
3.2.4 Alternating gradient magnetometers (AGM) 
The Alternative Gradient Magnetometer (AGM) is a device allowing 
magnetic measurements on thin film samples. Figure 3.6 shows the schematic 
image of AGM. The sample is mounted at the end of a fiber, and subjecting it 
to a fixed DC field plus an alternating field gradient, produced by and 
appropriate coil pair. The field gradient produces an alternating force on the 
sample, which causes it to oscillate and flexes the fiber. If the frequency of 
vibration is tuned to a resonant frequency of the system, the vibration 
amplitude increases by a factor equal to the quality factor Q of the vibrating 
system, which can be of the order of 100. A piezoelectric crystal is used to 
generate a voltage proportional to the vibrational amplitude, which in turn is 
proportional to the sample moment [12]. The device has a good sensitivity and 
can measure samples with a total magnetization as small as 10-6 emu. Due to 
the high resonance frequency (typically some Hz’s hundreds) the acquisition 
time is short (some minutes). The measurements can be done with a field 







Figure 3.6 Schematic image of Alternating Gradient Magnetometer (AGM). 
 
3.2.5 Superconducting quantum interference device (SQUID)  
The Quantum Design Magnetic Property Measurement System (MPMS-
7XL) was used to study the magnetic properties of the grown samples over a 
range of temperatures (2-400 K) and magnetic fields (7T). The Josephson 
Effect is used in the detection of magnetization by monitoring the change in 
the current across a very narrow insulating gap between two superconductors. 
The SQUID comprises of two (dc) and one (rf) Josephson junctions within the 
loop of the superconducting materials. This device is extremely sensitive to 
the changes in the current, which enable it to detect very small magnetic flux 
[13].  
The sample of ~ 6.5 × 6.5 mm2 is suspended on a rod and placed within 
the superconducting pick-up coil that is surrounded by the superconducting 





field, the sample magnetic flux induces a change in the current that is 
proportional to it (see Fig. 3.7). The pick-up coil being coupled to the sensor 
allows any variation to the current in the coil to be detected. Consequently, the 
sample’s magnetic moment can be determined. The sequence of actions to be 
executed can be programmed. For instance, a zero field-cooled (field-cooled) 
measurement requires the sample to be cooled from 300 K to 5 K without 
(with) magnetic field and the sample’s magnetization is subsequently 
measured with applied field as a function of temperature. 
 
 
Figure 3.7 A schematic of the SQUID measurement [13]. 
 
3.2.6 X-ray photoelectron spectroscopy (XPS) 
XPS is a surface-sensitive quantitative spectroscopic technique that 
measures the elemental composition at the parts per thousand range, empirical 
formula, chemical state and electronic state of the elements that exist within a 





analyzer, a low energy electron flood gun for reducing the charging effect in 
insulating sample and an Ar ion source for sputtering.  
The sample is placed in an ultrahigh vacuum environment and exposed to 
a low-energy, monochoromatic X-ray source. The incident X-rays cause the 
ejection of core-level electrons from sample atoms. The energy of a 
photoemitted core electron is a function of its binding energy (BE) and is 
characteristic of the element from which it was emitted. Energy analysis of the 
emitted photoelectrons is the primary data used for XPS. The photoemission 
effect is illustrated in Fig. 3.8. The BE of the photoelectron can thus be 
calculated as   KEhBE , where hν is the excitation X-ray energy, 
ϕ is the electron spectrometer work function and δ is the net surface charge. 
When the core electron is ejected by the incident X-ray, an outer electron fills 
the core hole. The energy of this transition is balanced by the emission of an 
Auger electron or a characteristic X-ray. Analysis of Auger electrons can be 
used in XPS, in addition to emitted photoelectrons. The photoelectrons and 
Auger electrons emitted from the sample are detected by an electron energy 
analyzer, and their energy is determined as a function of their velocity entering 
the detector. By counting the number of photoelectrons and Auger electrons as 
a function of their energy, a spectrum representing the surface composition is 
obtained. The energy corresponding to each peak is characteristic of an 
element present in the sampled volume. The area under a peak in the spectrum 
is a measure of the relative amount of the element represented by that peak. 







Figure 3.8 An illustration of the photoemission effect [14]. 
 
3.2.7 Transmission electron microscopy (TEM) and selective-area 
electron diffraction (SAED) 
The TEM allows the imaging of the crystallographic structure of a sample 
at an atomic scale [15]. The working principle of TEM is similar to that of a 
light microscope except that electron is used instead of light to achieve atomic 
resolution. An accelerated beam of electron transmits through the thin 
specimen to form an image which is magnified and displayed on fluorescent 
screen or detected using a CCD camera. The transmitted electrons undergo 
elastic and inelastic scattering which provide crystallographic information 
such as diffraction patterns and spatial variation in intensity which 
differentiates crystal defects and secondary phases, respectively. A schematic 






Figure 3.9 Diagram outlining the internal components of a basic TEM system 
[15]. 
 
In order to determine the crystal structure of each layer the selective-area 
electron diffraction (SAED) patterns can be analyzed. Electron diffraction 
patterns can be equated with reciprocal lattice patterns. It is often possible to 
index an electron diffraction pattern by noting its symmetry. A reciprocal 





used was also equipped with EDS which allows elemental analysis. It detects 
the X-ray emitted when an electron from a higher energy shell fills a lower 
energy empty shell whose electron has been excited by the incident electron 
beam. Similar to XPS, it creates spectral lines that are specific to individual 
elements and thus capable of determining chemical composition and elemental 
mapping of specific regions. 
 
3.2.8 Energy dispersive X-ray spectroscopy (EDS) 
 
The TEM system (JEOL 2300) used was also equipped with EDS which 
allows elemental analysis. The energy-dispersive X-ray spectrometer (EDS) is 
an attractive tool for a quantitative X-ray microanalysis. Each incoming X-ray 
excites a number of electrons into the conduction band of the Is-Li detector 
leaving an identical number of positively charged holes in the outer electron 
shells. The energy required for each of the excitations is 3.8 eV. Hence, the 
number of electron-hole pairs generated is proportional to the energy of the X-
ray photon being detected. The incoming X-ray excited electron to promote to 
the conduction band. At the same time, the higher energy shell electron will 
fall into the holes left by the incoming X-ray excitation. Due the energy 
different between the high energy shell and low energy shell, X-ray is released. 
The released energy of the X-ray is only dependent on the atomic structure. 
Hence, every atom exhibits a characteristic X-ray emission spectrum. The fact 
that a spectrum of interest from 0.1 keV to 20 keV can be acquired in a 
relatively short time (10~100 seconds) allows for a rapid evaluation of the 





individual elements and thus capable of determining chemical composition 
and elemental mapping of specific regions. 
 
3.2.9 Current in-plane tunneling (CIPT) technology 
CIPT stand for Current In-Plane Tunneling technology. It determines the 
critically important tunneling resistance and magneto-resistance (RA and 
TMR) directly on blanket magnetic tunnel junction (MTJ) stacks for Magnetic 
Random Access Memory (MRAM) and magnetic recording read head 
applications [16]. 
It conducts a series of 4-point resistance measurements with varying 
spacing between the tips and subsequently fitting the data to a theoretical 
model [17]. An external magnetic field is used to pre-set the MTJ sample into 
the high- or low-resistive state, corresponding to the anti-parallel and parallel 
alignment of magnetization in the MTJ layers. For each alignment of 
magnetization, the low and high resistance values and therefore the TMR are 
measured. Therefore, RA and TMR of the tunnel barrier are obtained by fitting 
the measured R(x, B) to the CIPT-model. The resistance is measured using 
CIPT probes, consisting of a linear array of 12 cantilever-like tips separated by 
various and unequal spacings. The resistance network model is illustrated in 
Fig. 3.10 (a). The use of a multiplexer allows any of the 12 micromachined 
tips to be addressed and set as a current source or voltage measurement 
contact in a 4-point resistance measurement. If the separation between the tips 
is relatively small, the current flows mostly through the top layer because the 





larger than the resistance of the top metal layer section of length equal to the 
tip spacing. On the other hand, if the spacing between the tips is large, the 
effective tunnel barrier resistance is low and the current flows through both the 
top and the bottom metal layers in proportional to their respective resistances, 
so no magnetoresistance can be measured because of very small contribution 
from the tunnel junction resistance to the total in-plane resistance of the MTJ 
stack. As a result, only at some intermediate spacing between the tips, the 
tunnel junction resistance is comparable to the resistance of the metal layers 
and the TMR can be measured. The optimal length scale at which the TMR is 
significant can be estimated as λ ൌ ඥRA/ሺR୘ ൅ R୆ሻ, where R୘ and R୆ are the 
resistance per square of the top and bottom metallic layers, respectively. The 
solution of this model can be represented as R ൌ ୶୐
ୖ౐ୖా





The TMR is then can be represented as TMRେ୍୔ ൌ 100ሺୖ౞౟ౝ౞ିୖౢ౥౭ୖౢ౥౭ ሻ, where  
R୦୧୥୦  and R୪୭୵  can be determined using RA୦୧୥୦  and RA୪୭୵ , respectively.  
Figure 3.10 (b) shows the typical results given by the system after simulation. 
The CIPT can be used for both in-plane and perpendicular MTJs by changing 
the applied magnet. 
The applicable RA range for CIPT is 0.5-100k Ωμm2, as stated by Capres 
[17]. The RA depends on MgO thickness, top electrode (Rtop) and bottom 
electrode (Rbottom). For low-RA samples, Rtop/Rbottom ≈ 3 typically provides 
the best results; while for high-MR (e.g. MgO) samples, Rtop/Rbottom > 10 
typically provides the best results.  In our study, RA range of tens to thousands 
of Ωμm2 is the best measure condition for CIPT. The corresponding MgO 







Figure 3.10 (a) Resistor network model of CIPT. (b) Probe spacing 
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This chapter presents the epitaxial growth of full Heusler alloy Fe2CrSi 
(FCS) thin films and its application in magnetic tunnel junctions (MTJs) as 
well as interfacial study between FCS and MgO barrier. The FCS has been 
theoretically predicted to have high spin polarization. The morphology, 
structural, magnetic, and transport properties of FCS are investigated. 
Furthermore, the interfacial property of FCS and MgO barrier is studied in 
details to enhance the tunneling magnetoresistance (TMR) ratio. 
 
4.1 Introduction and Motivation 
As we have discussed in Chapter 2, many research groups have focused 
on the investigation of Co-based full Heusler alloys both theoretically and 
experimentally. Fe-based full Heusler alloys are less studied, and especially 
few experimental results were reported. Fe2YSi (Y = Cr, Mn, Fe, Co, Ni) 
alloys have been investigated by Luo et al. [1], where only Fe2MnSi and 
Fe2CrSi were found to be ferromagnetic with high spin polarization and 
appreciable total magnetic moments. Ferromagnetic Heusler alloys with high 
spin polarization and low saturation magnetization are known to be promising 
for fabricating high-performance magnetic random access memory (MRAM). 
Among these alloys, Fe2CrSi (FCS) has a Curie temperature of 630 K as 
shown in Fig. 4.1 [2], which is low enough for thermally assisted recording, 
but high compared to the room temperature (RT). The spin polarization was 
found to be as high as 100% and 98% through calculation by Luo et al. [1] and 
Yoshimura et al. [2], respectively. As shown in Fig. 4.2, the density of states 





spin at its Fermi level (EF). The calculated majority DOS at EF of FCS is 7.0 
states/eV, which is about 5.4 times that of Co2MnSi. This indicates that FCS 
will likely to be more effective in suppressing the effect of minority spin states 
at the interface [3]. Furthermore, the total magnetic moment is close to that 
derived using the Slater-Pauling formula [4] as 2.00 μB and 1.98 μB by Luo et 
al. [1] and Yoshimura et al. [2], respectively. The low total magnetic moment 
allows a low critical current for spin transfer torque switching in spin torque 
devices [5]. 
 
Figure 4.1 Magnetization with a magnetic field of 10 kOe for FCS layer as a 
function of temperature [2].  
 
 






Yoshimura et al. reported FCS thin film in B2 structure instead of L21 
structure due to its structural instability [2]. Moreover, the ratio of remnant 
magnetization over saturation magnetization is small as illustrated in Fig. 4.3, 
indicating poor magnetization reversal. The same group also attempted to 
utilize FCS films in a MTJ structure [2], but no TMR was reported. This is 
probably due to a rough surface of the FCS layer and a resultant strong 
coupling between the free layer and the pinned layer as shown in Fig. 4.4. 
Hence, a high-quality MTJ structure involving FCS has yet to be achieved. 
 
Figure 4.3 Hysteresis loop for FCS layer at RT under different thermal 
treatments [2].Sample B-E indicate different in-situ annealing temperature 
and duration for Fe2CrSi films. 
 
 
Figure 4.4 magnetization curve for the MTJ with Cr/FCS/MgO/Co-Mn-Ge/Fe-





4.2 Characterization of Fe2CrSi thin films  
All samples were prepared by ultra-high vacuum magnetron sputtering 
system with a base pressure of 10-7 Pa. The FCS thin films (30 nm) were 
grown by the sputtering of a stoichiometric Fe46Cr30Si24 target and were 
deposited at RT on MgO (100) substrates with Cr (10 nm) and Ag (50 nm) 
buffer layers. Prior to any deposition, the MgO substrate was optimized by 
pre-heating at 600 oC for 1 hour. In-situ thermal treatments for the FCS layer 
were performed at various temperatures of Tia = 300 oC, 400 oC, and 500 oC 
for 15 mins to form ordered structure. The in-situ annealing effects of 
morphology, structural, and magnetic properties were investigated. 
Figure 4.5 shows the AFM images and Table 4.1 lists the root mean 
square (rms) value of surface roughness for MgO(100)/Cr/Ag/FCS samples 
under different Tia. The rms value decreases firstly and reaches its minimum 
value with Tia = 400 oC, followed by a dramatic increase with Tia = 500 oC. 
The decrease of rms value as Tia increases is probably due to a better 
crystalline structure of FCS film. The smallest rms value of 0.18 nm is 
obtained at Tia = 400 oC, whereas the surface of the sample annealed at Tia = 
500 oC becomes rough with the formation of particles on the surface. This is 
somehow similar to that reported previously [2] in which the film was 
deposited at high temperature that led to a rough surface. 
 
Figure 4.5 AFM images for MgO/Cr/Ag/FCS structure (a) as-deposited, with 








Tia = 300 oC 
(rms) 
Tia = 400 oC
(rms) 
Tia = 500 oC 
(rms) 
3×3 µm2 0.25 nm 0.24 nm 0.21 nm 0.96 nm 
1×1 µm2 0.22 nm 0.21 nm 0.18 nm 0.44 nm 
 
Table 4.1 Surface roughness for MgO/Cr/Ag/FCS structure under different in-
situ annealing temperature (Tia). 
 
Heusler Structure (111) (200) (220) (400) 
L21 phase 28o 32o 45o 66o 
B2 phase X 32o 45o 66o 
A2 phase X X 45o X 
 
Table 4.2 2θ position corresponds to different crystalline structures. 
 
The crystalline structure of FCS films is analysed by X-ray diffraction. 
Table 4.2 shows the 2θ positions which correspond to different crystalline 
structure. We note that all of (111), (200), (220), and (400) peaks should be 
observed in XRD pattern for fully ordered L21 structure. If both (200) and 
(400) peaks can only be observed without (111) peak, we can conclude that it 
is a B2 structure. Otherwise, if only (220) peak appears, then A2 structure is 
formed. Figure 4.6 shows the XRD (θ-2θ) patterns for MgO (100)/Cr/Ag/FCS 
samples with various Tia. For as-deposited and Tia = 300 oC, the (111), (200), 
and (400) cannot be observed, and (220) peak may be merged with the 
substrate peak. This could imply A2 structure is formed. When Tia ≥ 400 oC, 





highly ordered B2 structure. However, the intensity of these peaks becomes 
weaker when Tia = 500 oC. As shown in Fig. 4.7, the rocking curve of 
FCS(400)  of the film at Tia = 400 oC shows a narrow peak with the full width 
at half maximum (FWHM) as small as 0.525o, in contrast to 1.3o that was 
reported in the literature [2]. These results indicate that the FCS film was 
grown in the highly ordered B2 structure with the c-axis perpendicular to the 
plane. The optimized condition for the FCS films in terms of surface 
roughness and crystalline structure is obtained when Tia = 400 oC. 
 
Figure 4.6 XRD pattern for MgO/Cr/Ag/FCS structure under different Tia. 
 






Figure 4.8 High resolution TEM for MgO/Cr/Ag/FCS structure with Tia = 400 
oC. The inset shows FFT image of the FCS layer. 
 
Figure 4.8 shows the cross-sectional TEM image for the film. The image 
clearly shows that the smooth and abrupt interfaces are formed between the 
layers in the structure of MgO/Cr/Ag/FCS. The high resolution TEM image in 
Fig. 4.8(b) as well as the Fast Fourier transform (FFT) image [inset of Fig. 
4.8(b)] confirms that the deposited FCS layer is single crystalline. 
 
Figure 4.9 M-H loop for MgO/Cr/Ag/FCS stacking structure with Tia = 400 oC 







Figure 4.10 M-H loop for MgO/Cr/Ag/FCS structure with Tia = 500 oC along 
(a) & (b) [100], and (c) & (d) [110] direction, respectively; (b) & (d) are 
enlarged image of (a) & (c), respectively. 
 
The magnetic property of FCS films was studied using VSM. There is no 
magnetic property observed for as-deposited and with Tia = 300 oC FCS films. 
This is probably due to the poor FCS crystalline structure which is A2 
structure obtained by XRD. Figure 4.9 shows the M-H loop for 
MgO/Cr/Ag/FCS structure with Tia = 400 oC along (a) [100], and (b) [110] 
direction, respectively. The field was applied along the in-plane [110] 
direction, which is parallel to the easy axis of the crystalline anisotropy of FCS. 
A sharp magnetization reversal is observed and the ratio of remanent 
magnetization (Mr) over saturation magnetization (MS) is about 1, indicating 
the easy-axis is along the [110] direction. The MS and coercivity (HC) of FCS 





than that of Co-based Heusler alloys (1000-1200 emu/cm3) [6-11], which is 
favourable for the low switching current density required for spin-transfer 
torque devices, such as spin-transfer torque magnetic random access memory 
(STT-MRAM) [12]. The FCS with small HC is also a suitable ferromagnetic 
material for soft magnetic electrodes in MTJ applications. Figure 4.10 shows 
the M-H loop for MgO/Cr/Ag/FCS structure with Tia = 500 oC along (a) & (b) 
[100], and (c) & (d) [110] direction, respectively. The enlarged image in Fig (b) 
& (d) shows poor magnetization reversal of FCS with Tia = 500 oC, which is 
expected since the structure is destroyed by the rough surface due to the Cr 
penetration at a higher temperature. 
In summary, an epitaxial single crystal FCS with B2 structure is achieved 
with Tia = 400 oC. In addition, the surface roughness of FCS with rms = 0.18 
nm is smooth enough for application in MTJs.  
 
4.3 TMR performance for Fe2CrSi as a bottom electrode in MTJ 
structure 
With the optimizations of FCS thin film in terms of surface roughness, 
chemical ordering, and magnetic property in section 4.2, this section discusses 
the utilization of  FCS thin film with Tia = 400 oC for MTJ structure. In section 
4.3.1, we first discuss the request of MgO barrier thickness suitable for MTJ 
structure. In section 4.3.2, we discuss the post-annealing effect for MTJ 
structure using FCS as a bottom electrode with different buffer layer. Finally, 
in section 4.3.3 and 4.3.4, we discuss the TMR performance for MTJ structure 





4.3.1 TMR performance for MTJ structure of 
Si2O/MgO/CoFe/MgO/CoFe/IrMn/Ru for a suitable MgO 
barrier thickness 
Since we utilize CIPT technique for TMR measurement, there are some 
requirements need to be met by CIPT. For example, a thick MgO barrier 
would not allow the current to pass through the whole structure. While a thin 
MgO barrier will destroy the MTJ structure. Before we fabricate the MTJ 
structure, we need to choose an appropriate MgO barrier thickness for CIPT 
measurement. To investigate different thickness of MgO barrier and the 
annealing effect, we choose the standard CoFe as the electrode, since CoFe is 
well studied in MTJ structure. 
The MTJ structure of SiO2/MgO (5 nm)/CoFe (20 nm)/MgO (t)/CoFe (5 
nm)/IrMn (12 nm)/Ru (8 nm) was fabricated by ultra-high vacuum magnetron 
sputtering system. For MgO barrier layer thickness t, 1.8 nm and 2.5 nm were 
chosen for comparison. Different post-annealing temperatures (Tpa) were done 
for the MTJs with an applied magnetic field of 1 Tesla for 1 hour. The 
conditions are as-deposited, with Tpa = 300°C, 350°C, 400°C, 450°C, and 
500°C, respectively. 
 
Figure 4.11 AFM images for Si2O/MgO 5nm/CoFe 20nm/MgO 1.8nm/CoFe 
5nm/IrMn 12nm/Ru 8nm (a) as deposited, (b) with Tpa = 300 oC, and (c) Tpa = 





Figure 4.11 shows the AFM images for MTJs with 1.8 nm MgO barrier 
layer as-deposited, with Tpa = 300 oC, and with Tpa = 400 oC, respectively. 
Table 4.3 summarizes the surface roughness rms values under different Tpa. 




Tpa = 300 oC
(rms) 
Tpa = 400 oC 
(rms) 
3×3 µm2 0.28 nm 0.32 nm 0.23 nm 
1×1 µm2 0.28 nm 0.29 nm 0.20 nm 
 
Table 4.3 Surface roughness rms value for Si2O/MgO 5nm/CoFe 20nm/MgO 
















1226 1203 934 852 774 N.A. 
MS2 
(emu/cm3) 
1271 1185 1021 1003 994 N.A. 
Mr1 
(emu/cm3) 
750 983 680 725 580 N.A. 
Mr2 
(emu/cm3) 
730 1055 875 869 983 N.A. 
Hex (Oe) 179 221 211 235 208 168 
HC1 (Oe) 51 47 27 76 91 124 
HC2 (Oe) 10 14 17 18 15 36 
 
Table 4.4. Summary of various magnetic properties for sample: Si2O/MgO 5 
nm/CoFe 20 nm/MgO 1.8 nm/CoFe 5 nm/IrMn 12 nm/Ru 8 nm with different 
Tpa. The MS1 and MS2 refer to the top and bottom layer saturation 
magnetization, respectively; Hex refers to exchange bias; Mr1 and Mr2 refer to 
the top and bottom layer remanent magnetization, respectively; HC1 and HC2 






Figure 4.12 shows the M-H loops using AGM for the MTJs with 1.8 nm 
MgO barrier layer as-deposited, with Tpa = 300 oC, 350 oC, 400 oC, 450 oC and 
500 oC, respectively. Table 4.4 summarizes all the parameters obtained from 
the hysteresis loops with different Tpa. 
 
Figure 4.12 The M-H loop using AGM for Si2O/MgO 5 nm/CoFe 20 nm/MgO 
1.8 nm/CoFe 5 nm/IrMn 12 nm/Ru 8 nm (a) as deposited, (b) with Tpa = 300 









Figure 4.13 The post-annealing effect of (a) MS1 & MS2, and (b) Mr1/MS1 & 
Mr2/MS2 for MTJs with 1.8 nm MgO barrier layer. The MS1 and MS2 represent 
the saturation magnetization of the top and bottom layers, while Mr1 and Mr2 
represent the remnant magnetization of the top and bottom layers.  
 
The magnetization of both the top and bottom electrodes, squareness of 
hysteresis loop, exchange bias field (Hex), and TMR ratio all are affected by 
Tpa. As shown in Fig 4.13 (a), when Tpa increases, there is a sudden and 





electrode (MS1). This is probably due to Mn diffusion at higher temperature. 
For the bottom electrode layer, the saturation magnetization (MS2) also reduces 
with Tpa. The exchange bias starts to disappear at Tpa = 500 oC, which could be 
caused by Mn diffusion into CoFe layer. Figure 4.13 (b) shows that the 
squareness of M-H loops for both the top and bottom electrode layers is 
improved after post-annealing. This indicates that the post-annealing effect has 
successfully improved the crystalline structure of both layers. The highest 
value of Mr/MS is obtained at Tpa = 400°C indicates the best crystalline 
structure is achieved.  
 
Figure 4.14 The post-annealing effect of (a) exchange bias field Hex, and (b) 





As shown in Fig 4.14 (a), the exchange bias field (Hex) as a function of Tpa 
has the similar trends as that of Mr/MS, which is a result of the quality of 
crystalline structure changes during the post-annealing. The rapid decrease of 
Hex at Tpa = 500°C is probably caused by Mn diffusion which will be discussed 
in Chapter 5 &6. In other words, the post-annealing at 400°C for the MTJs 
optimizes the saturation magnetization, the squareness of M-H loops for both 
electrodes, and the exchange bias (EB). However, the highest TMR ratio of 
3.54% is obtained at Tpa = 350 oC instead of 400 oC, as shown in Fig. 4.14 (b). 
One possible reason is the poor crystalline structure of MgO barrier layer at 
Tpa = 400 oC that causes a lower TMR ratio. 
Figure 4.15 shows the M-H loops measured using AGM  for MTJs with 
2.5 nm MgO barrier layer as deposited, and with Tpa = 300 oC, respectively. 
The magnetic properties are similar as the MTJs with 1.8 nm MgO barrier 
layer. However, no TMR ratio can be measured using CIPT. We found that the 
current cannot pass through the MgO barrier layer during the measurement 
due to huge resistance-area product (RA) (Rtop=34 Ω; Rbottom=10 Ω; 
RA=147591 Ω/µm2). For the MTJ structure with 1.8 nm MgO barrier, the RA 
value is much smaller (Rtop=34 Ω; Rbottom=4 Ω; RA=569 Ω/µm2). Therefore, a 
thinner MgO barrier layer (≤1.8 nm) should be chosen for TMR ratio 







Figure 4.15 The M-H loop using AGM for Si2O/MgO 5 nm/CoFe 20 nm/MgO 
2.5 nm/CoFe 5 nm/IrMn 12 nm/Ru 8 nm (a) as deposited, and (b) with Tpa = 







4.3.2 The post-annealing effect for MTJ structure using Fe2CrSi as 
a bottom electrode with different buffer layers 
In order to achieve epitaxial growth of FCS with better crystalline 
structure, the buffer layer of FCS in MTJ structure plays an important role. 
Here, we chose three different buffer layers. They were 40 nm Cr with Tia = 
700 oC, 40 nm Cr without in-situ annealing, and 5 nm MgO layer. The 
structure of MgO (100)/buffer layer/FCS (30 nm)/MgO (1.8 nm)/CoFe (5 
nm)/IrMn (12 nm)/Ru (8 nm) was fabricated using ultra-high vacuum 
magnetron sputtering system, where MgO barrier thickness was fixed at 1.8 
nm. The thermal treatments were as follows: 600 oC pre-heating for MgO 
substrate for 1 hour, and Tia = 400 oC for FCS films for 15 minutes. All MTJs 
were post-annealed at Tpa =300 oC, 350 oC, 400 oC, 450 oC, and 500 oC with 
an in-plane magnetic field of 1 Tesla. 
Figure 4.16 depicts the AFM images for all three MTJs as-deposited, and 
with Tpa = 300 oC, respectively. Table 4.5 - 4.7 summarize all the rms values 
of surface roughness. The surface becomes rougher as Tpa increases for all 
three MTJs with different buffer layers. The MTJ structure using Cr as buffer 
layer with Tia = 700 oC has the smoothest surface. We note that if the surface 
is too rough, it cannot be applied for MTJ application, since the MgO barrier is 
very thin (˂ 2 nm) [13]. A rough surface could destroy the MTJ structure. 
Therefore, only the buffer layer of Cr with Tia = 700 oC is suitable for MTJ 






Figure 4.16 AFM images for MTJs with different buffer layer as deposited, 
and with Tpa = 300 oC. 
 
Cr (40 nm) with 
Tia = 700 oC  
As-deposited 
(rms) 
Tpa = 300 oC 
(rms) 
Tpa = 400 oC 
(rms) 
3×3 µm2 0.17 nm 0.36 nm 0.81 nm 
1×1 µm2 0.14 nm 0.20 nm 1.43 nm 
Table 4.5 Surface roughness for MTJs using Cr as buffer layer with Tia = 
700 °C under different Tpa. 
 
Cr (40 nm) As-deposited
(rms) 
Tpa = 300 oC 
(rms) 
3×3 µm2 0.94 nm 1.00 nm 
1×1 µm2 0.89 nm 0.91 nm 
Table 4.6 Surface roughness for MTJs using Cr as buffer layer as deposited 
and with Tpa = 300 oC. 
 




3×3 µm2 0.33 nm 0.33 nm 
1×1 µm2 0.32 nm 0.76 nm 
Table 4.7 Surface roughness for MTJs using MgO as buffer layer as deposited 






Figure 4.17 M-H loops measured using AGM for MgO/Cr 40 nm (with Tia = 
700 oC)/FCS 30 nm/MgO 1.8 nm/CoFe 5 nm/IrMn 12 nm/Ru 8 nm (a) as 
deposited, (b) with Tpa = 300 oC, (c) with Tpa =350 oC, (d) with Tpa =400 oC, 
(e) with Tpa =450 oC, and (f) with Tpa =500 oC, respectively. 
 
Figure 4.17 presents the M-H loops using AGM for the MTJs with Cr 
buffer layer with Tia = 700 °C under different Tpa, and Table 4.8 illustrates all 
the parameters obtained from these hysteresis loops. A well EB is formed 
from Tpa = 300 oC due to better crystalline structure of MgO barrier layer as 
well as the top CoFe electrode during the thermal treatment. However, the EB 
is destroyed at Tpa = 500 oC, which is probably caused by Mn diffusion which 



















N.A. 1349 1102 671 655 N.A. 
MS2 
(emu/cm3) 
N.A. 268 235 263 233 N.A. 
Mr1 
(emu/cm3) 
N.A. 1191 1066 636 556 N.A. 
Hex (Oe) N.A. 190 218 225 261 N.A. 
HC1 (Oe) N.A. 24 30 46 39 N.A. 
HC2 (Oe) N.A. 1 1 2 1 N.A. 
 
Table 4.8 Summarized table of various magnetic properties for sample: MgO 
/Cr 40 nm (with Tia = 700 °C)/ FCS 30 nm/MgO 1.8 nm/CoFe 5 nm/IrMn 12 
nm/Ru 8 nm with different Tpa. The MS1 and MS2 refer to saturation 
magnetization of the top CoFe and bottom FCS electrodes, respectively; Hex 
refers to exchange bias field; Mr1 and Mr2 refers to remanent magnetization of 
the top and bottom electrodes; HC1 and HC2 refer to the coercivity of the top 
and bottom electrodes. 
 
The post-annealing effect is studied in details. Figure 4.18 shows that the 
magnetization of top CoFe electrode (MS1) decreases with Tpa. Beyond Tpa = 
400 oC, the Mn diffuses from IrMn to CoFe layer at higher temperature. The 
magnetization of bottom FCS electrode (MS2) remains almost constant at 
various Tpa. This is expected since the crystalline structure of FCS thin films 
has been optimized during the in-situ annealing at Tia = 400 oC. Furthermore, 
the M-H loop of the top CoFe electrode shows a relatively sharp magnetization 
reversal at Tpa = 350 oC and 400 oC. In addition, as Tpa increases, the exchange 
bias field (Hex) increases gradually. This is probably because of better 
crystalline structure of the top CoFe electrode. When Tpa rises to 500 °C, the 
EB disappears due to the serious Cr diffusion [14-16] and Mn diffusion which 
will be discussed in Chapter 5 & 6. As a result, Tpa = 350 oC – 400 oC could 






Figure 4.18 The post-annealing effect of (a) MS1 of top CoFe electrode, (b) 
MS2 of bottom FCS electrode, (c) Mr1/MS1 of top electrode, and (d) Hex for 
MTJs with structure of MgO/Cr 40 nm (with Tia = 700 oC)/FCS 30 nm/MgO 
1.8 nm/CoFe 5 nm/IrMn 12 nm/Ru 8 nm. 
 
Figure 4.19 shows the M-H loops measured using AGM for MgO/Cr 40 
nm/ FCS 30 nm/MgO 1.8 nm/CoFe 5 nm/IrMn 12 nm/Ru 8 nm as-deposited, 
and with Tpa = 300 oC. The EB cannot be observed clearly for both conditions, 
which is similar to the results in Ref. [2]. One possible reason is the poor 
crystalline structure, since the Cr buffer layer without any thermal treatment 
leads to a rough surface [17] as shown in Table 4.6. In addition, Fig. 4.20 
shows the M-H loops measured using AGM for MTJ structure using 5 nm-
thick MgO buffer layer as-deposited, and with Tpa = 300°C. The EB is clearly 





property of MTJ structure using MgO buffer layer is so poor that it cannot be 
used in MTJ application. 
 
Figure 4.19 M-H loops measured using AGM for MgO/Cr 40 nm/FCS 30 
nm/MgO 1.8 nm/CoFe 5 nm/IrMn 12 nm/Ru 8 nm (a) as deposited, and (b) 
with Tpa = 300 oC. 
 
 
Figure 4.20 M-H loops measured using AGM for MgO substrate/MgO 5 
nm/FCS 30 nm/MgO 1.8 nm/CoFe 5 nm/IrMn 12 nm/Ru 8 nm (a) as deposited, 
and (b) with Tpa = 300 oC. 
 
In summary, the utilization of using Cr as buffer layer with Tia = 700°C 
can achieve the smoothest surface. Furthermore, the optimized results can be 
observed for the saturation magnetization (MS), crystalline structure and EB at 






4.3.3 TMR performance for MTJ structure using Fe2CrSi without 
Mg layer insertion 
After examining the request of MgO barrier thickness for CIPT 
measurement and the post-annealing effect of MTJs using FCS with different 
buffer layers, the MTJ structure using FCS as the bottom electrode is 
fabricated to investigate the TMR performance. 
The MTJ structure of MgO (100)/Cr (40 nm)/FCS (30 nm)/ MgO (1.5 
nm)/CoFe (5 nm)/IrMn (8 nm)/Ru (3 nm) were deposited at room temperature 
by ultra-high vacuum magnetron sputtering. Here we choose MgO barrier 
layer thickness as 1.5 nm, since MgO barrier thickness should be equal to and 
less than 1.8 nm to meet the requirement for CIPT measurement. The substrate 
was first pre-cleaned by in-situ annealing at 600 oC for 1 hour. In order to 
obtain a smooth surface, the Cr buffer layer was in-situ annealed at 700 oC 
after deposition. The bottom electrode FCS was deposited followed by in-situ 
annealing at 400 oC to achieve a highly ordered B2 structure. The post-
annealing effect is investigated for the whole MTJ structure by ex--situ post-
annealing at various temperature ranging from Tpa = 200 oC to 500 oC in high 
vacuum in the presence of an in-plane magnetic field of 1 Tesla for 1 hour. 
We first examine the post-annealing effect of a MTJ without Mg insertion 
layer with annealing temperature ranges from Tpa = 200 oC to 500 oC. Figure 
4.21 shows the XRD (θ-2θ) scan. The FCS (200), Cr (200), and FCS (400) 
peaks are clearly observed, indicating that our samples are epitaxially grown 
in [100] orientation. Even without any post-annealing for the MTJ structure, 





orientated highly ordered B2 structure of FCS was already formed during the 
in-situ annealing. We also investigate the [111] orientation of the FCS films 
by an in-plane φ-scan. The diffraction peaks from the (111) superlattice 
reflection, which corresponds to L21 structure, was not observed for all FCS 
films. The intensity ratio of FCS (200) peak to FCS (400) peak is 6.3% for 
MTJs as deposited while 26.7% is obtained for MTJs with Tpa = 200 oC. This 
indicates that post-annealing at 200 oC improves the FCS chemical ordering. 
However, FCS (200) peak disappears for Tpa > 200 oC, and FCS (400) peak 
becomes weaker with further increase in Tpa. This is due to the diffusion of 
oxygen from the MgO barrier layer that oxidized the FCS layer [18, 19]. Our 
TEM and XPS results show the oxidation of FCS layer at the interface, which 
will be discussed in details later.  
 
Figure 4.21 XRD θ-2θ scan for MTJ structure. From bottom to top, post-







Figure 4.22 MS of bottom electrode FCS for MTJs, as a function of Tpa. 
 
Figure 4.22 shows the MS of FCS thin film as a function of Tpa. The 
obtained MS is as large as 360 emu/cm3 under Tpa = 200 oC, which is close to 
the calculated MS for FCS for L21 structure (398 emu/cm3) [20]. The large 
value of MS suggests that there exists high spin polarization in our deposited 
B2 structure FCS thin film, as demonstrated in Ref. [21]. The increase in MS 
can be attributed to the improvement of the chemical ordering of FCS layer as 
the oxygen is absorbed into MgO barrier after thermal treatment. However, 
smaller MS values are obtained for Tpa > 200 oC due to the migration of 
oxygen from the MgO barrier layer into FCS layer [18, 19]. Our TEM and 
XPS results show the oxidation of FCS layer at the interface, which will be 
discussed in details later.  
Figure 4.23 shows the room temperature M-H loops of the MTJ structure 
post-annealed at Tpa = 200 oC, 350 oC and 500 oC, respectively. EB is observed 





quite large, which indicates that CoFe is not well-pinned by the 
antiferromagnetic IrMn layer due to low Tpa. With increasing Tpa, the EB 
improves and a well-defined EB can be observed at 350 oC and HC of the 
CoFe layer reduces significantly. The obtained values for MS in the FCS free 
layer and the CoFe pinned layer are 322 emu/cm3 and 1102 emu/cm3, 
respectively. It is noteworthy that the M-H loop of the free layer and pinned 
layer are well-separated with a shift of 220 Oe. The EB in our MTJ structure is 
better-defined than that reported in Ref. [2]. However, when Tpa increases to 
500 oC, the EB is destroyed and the magnetization of two magnetic layers 
switches simultaneously. The vanishing of the EB in this case could be 
attributed to the diffusion of the Mn from IrMn to the other layers which will 
be discussed in Chapter 5 & 6.  
 







Figure 4.24 RA and TMR ratio as a function of Tpa. 
 
 
Figure 4.25 TMR ratios as a function of RA. 
 
The Tpa dependence of RA and TMR ratio of these samples are shown in 
Fig. 4.24. The RA increases significantly for Tpa > 300 oC. The TMR ratio 
initially increases with Tpa and then decreases beyond 200 oC. The highest 





annealing effect can be understood from the improvement in the chemical 
ordering of FCS film as well as the crystalline structure of MgO barrier and 
top electrode in spite of weak pinning field. Therefore, an appropriate Tpa 
should be used to improve not only the structural properties of MTJ structure 
but also the interfacial properties in order to enhance the TMR ratio [22-25]. 
As seen in Fig. 4.24, TMR ratio decreases with the Tpa > 200 oC, although the 
EB is well developed. This decrease in TMR ratio is most likely due to the 
oxidation of FCS layer [26, 27] at the interface with the MgO barrier. The 
oxidized FCS surface may act as additional scattering centers for spin 
polarized tunneling electrons. This could reduce the spin polarization and 
suppress the TMR effect. The oxidation of FCS at the interface is further 
confirmed by the monotonically increase in RA as Tpa increases. The TMR 
ratio and RA relationship is shown Fig. 4.25. The highest TMR ratio is 
obtained with RA of 2000 Ω  x  μm2.  The FCS surface is most likely oxidized 
due to the oxygen plasma exposure during MgO deposition, and further 
oxidation of FCS occurs at higher Tpa.  
 
4.3.4 TMR performance for MTJ structure using Fe2CrSi with Mg 
layer insertion 
In order to study the interfacial properties between bottom FCS electrode 
and MgO barrier, an Mg layer was inserted to enhance the TMR performance 
preventing the oxidation of FCS layer by MgO barrier. 
The MTJ structure of MgO (100)/Cr (40nm)/FCS (30 nm)/Mg (t 





temperature by ultra-high vacuum magnetron sputtering. Since the Mg layer 
would eventually be oxidized to form MgO, we retain the total thickness of the 
tunneling barrier (Mg+MgO) as 1.5 nm with the different thickness of Mg 
layer t = 0.2 nm, 0.3 nm, 0.4 nm, and 0.5 nm. The thermal treatments are as 
follows: 600 oC pre-heating for MgO substrate for 1 hour, 700 oC in-situ 
annealing for Cr buffer layer for 30 minutes, 400 oC in-situ annealing for FCS 
thin films. The post-annealing effect is investigated for the whole MTJ stacks 
by ex--situ post-annealing at various temperature ranging from Tpa = 200 oC to 
500 oC in high vacuum in the presence of an in-plane magnetic field of 1 Tesla 
for 1 hour. 
 
Figure 4.26 RA and TMR ratio as a function of Tpa for MTJs with 0.2 nm Mg 
layer insertion. 
 
The RA and TMR ratio as a function of Tpa for MTJ structure with Mg 
insertion of 0.2 nm, 0.3 nm, 0.4 nm, and 0.5nm are shown in Fig. 4.26 – 4.29, 





significant increase at Tpa > 300 oC, indicates that the inserted Mg layer has 
been oxidized to MgO barrier. The highest TMR ratio were achieved at Tpa = 
250 oC for all MTJ structures with different thickness of Mg insertion as 
compared to 200 oC for MTJ structure without Mg layer. This could suggest 
that Mg layer has successfully prevented the oxidation of FCS at the interface. 
 
Figure 4.27 RA and TMR ratio as a function of Tpa for MTJs with 0.3 nm Mg 
layer insertion. 
 











Figure 4.30 RA and TMR ratio as a function of Mg layer thickness. 
 
Figure 4.30 shows the RA product and TMR ratio as a function of t. With 
the insertion of Mg layer, RA is reduced dramatically and the TMR ratio is 





FCS layer from oxidation giving rise to a reduction in RA. The highest TMR 
ratio is 8.1% for MTJs with t = 0.3 nm, which is three times higher compared 
to that without Mg layer, which further confirm that Mg inserted layer has 
successfully prevented the oxidation of FCS at the interface. 
Figure 4.31 shows the XRD patterns for MTJs with 0.3 nm Mg layer 
insertion under different Tpa. Both FCS (200) and (400) peaks were observed 
for all the post-annealing temperatures, indicating that B2 structure FCS has 
been obtained during the in-situ annealing process. However, these FCS films 
are partially B2 ordered and may contain some A2 disordering. Figure 4.32 
shows the FWHM of FCS (400) peak as a function of Tpa. The lower value of 
FWHM is achieved with Tpa = 250 oC and 300 oC, indicating that the higher 
percentage of B2 ordering after post-annealing. The increasing of FWHM at 
Tpa ≥ 350 oC could be attributed to the Cr diffusion. 
 







Figure 4.32 FWHM of FCS (400) for MTJs with 0.3 nm Mg layer insertion as 
a function of Tpa. 
 
 
Figure 4.33 FWHM of FCS (400) for MTJs with (a) 0.2 nm, (b) 0.3 nm, (c) 0.4 






The best FWHM value of FCS (400) peak for MTJs under the optimized 
post-annealing with 0.2 nm, 0.3 nm, 0.4 nm, and 0.5 nm Mg layer insertion are 
0.530o, 0.466o, 0.561o, and 0.504o, respectively, as shown in Fig. 4.33. All of 
FWHM values with different Mg layer insertion thickness are quite low, 
indicating a good crystalline structure of FCS films for all the MTJs. 
Therefore, the quality of FCS films may not be the main reason causing the 
difference in TMR values. The Mg layer inserted between FCS and MgO 
barrier is the key for the TMR ratio enhancement.  
 
Figure 4.34 HRTEM of MTJs (a) without Mg layer insertion, and (b) with t = 







Figure 4.34 shows the cross sectional TEM images of MTJs (a) without 
Mg layer and (b) with t = 0.3 nm Mg layer insertion. Each layer can be clearly 
distinguished in the bright field images, suggesting that a high quality layered 
structure with sharp interface is obtained. The bright field images indicate that 
all the layers are continuous with no agglomerations and the FCS bottom 
electrode is of single crystalline. As shown in Fig. 4.34 (a), the oxidized FCS 
is clearly revealed as a dark layer near the interface without the Mg layer 
insertion. The removal of the oxidized interface helps to improve the TMR 
ratio. This can be achieved by the insertion of Mg layer. As shown in Fig. 4.34 
(a), without the Mg layer insertion, the MgO layer shows some local areas that 
are textured while others are almost amorphous. While for a 0.3 nm Mg layer 
insertion, most areas of the MgO layer are textured. In other words, the Mg 
layer improves the structure quality of the MgO barrier layer and thus helps to 
enhance TMR ratio [28]. 
The XPS depth profiling was used for the interface study. The films were 
sputtered by Ar ions with a low energy of 500 eV to reduce the ion 
bombardment effects. The incident angle of Ar ions to the sample surface was 
45o and the pass energy was 55 eV. As the ion bombardment effect may cause 
oxygen to penetrate into adjacent atomic layers, the quantitative change in the 
oxygen content at the interface could not provide correct information on 
whether there is oxidation of the bottom electrode. To avoid this difficulty, we 
did the XPS narrow scans of Fe2p, Cr2p, and Si2p at the interface between 
FCS and MgO, compared with that at the center of FCS film for the MTJ 







Figure 4.35 XPS results of atom (a) Fe, (c) Cr, and (e) Si at the interface 
between FCS and MgO barrier (left column), and (b) Fe, (d) Cr, and (f) Si at 
the center of FCS films (right column), respectively.  
 
As shown in Fig. 4.35, we observe that the peak profiles of Fe and Si at 
the interface are different from those at the center of FCS film, while the peak 
of Cr at the interface remains almost the same as that at the center of FCS film. 
The additional satellite peaks at slightly higher binding energy demonstrate the 
FCS electrode near the interface has been oxidized with oxygen bonded to Fe 





FCS film is Fe and Si terminated surface, which may be another possible 
reason for the low TMR ratio in our samples. This is also consistent with the 
theoretical calculation in Ref. [29] that the spin polarization of FCS decreases 
drastically for a film with a surface terminating with Fe atoms. Therefore, Cr-
rich surface of FCS would be more promising for MTJ applications. 
 
Figure 4.36 XPS results of atom Fe at the interface between FCS layer and 
MgO barrier for MTJ structure (a) as deposited, (b) Tpa = 250 oC, and (c) Tpa 
= 450 oC.  
 
Figure 4.36 shows the XPS results of Fe atom at the FCS and MgO 
interface for MTJ samples with 0.3 nm Mg layer insertion as deposited, with 
Tpa  = 250 oC, and with Tpa  = 450 oC. We note that the sample with Tpa = 250 
oC has the least oxidation effect. This is due to a better MgO crystalline 





absorbed into MgO barrier, resulting in less oxidation to FCS layer. However, 
in the case of Tpa = 450 oC, serious oxidation occurs in Fe atom at the interface. 
On the other hand, as previously discussed, Mn diffusion from the IrMn layer 
into the CoFe layer at high Tpa would damage the EB of the upper electrode. 
Both effects lead to a lower TMR ratio of the sample annealed at 450 oC. 
Hence, there is a trade-off for post-annealing temperature between MgO 
crystalline structure and Mn diffusion.  
We note that the TMR ratio achieved in our MTJs is still much lower than 
the expected value from the first-principle calculations [29]. Several reasons 
may affect TMR ratio. One reason could be due to the thermally activated 
minority states and the suppression of interface spin polarization from poor 
interface such as Fe terminated surface of FCS layer. Therefore, one possible 
way to enhance the TMR ratio is to form Cr-rich terminated surface of FCS at 
the interface. Another reason may be due to the fact that the DOS of majority 
spin of FCS at EF is very sharp and the EF is close to the conduction band edge 
of minority spin (small half metallic gap) [2]. Hence, a little shift of the EF 
may cause a large reduction of spin polarization and therefore the TMR ratio 
suffers seriously from the thermal fluctuations. 
 
4.4 Summary 
A single crystalline and highly ordered B2 structure of FCS thin film is 
achieved by sputtering. In order to measure TMR ratio for MTJs using CIPT 
technique, MgO barrier layer thickness should be ≤ 1.8 nm. Compared with 





with Tia = 700 oC provides a smoother surface and better magnetic properties. 
The MTJ structure utilizing FCS as the bottom electrode is fabricated with a 
TMR ratio of 2.5% at Tpa = 200 oC. The oxidized FCS at the interface with 
MgO barrier layer is the main cause of a low TMR ratio. The Mg layer is 
inserted between the bottom FCS layer and MgO barrier in order to prevent 
the oxidation of FCS at the interface. As a result, the TMR ratio is enhanced to 
8.1%. The XPS results show that the oxygen is bonded to Fe and Si atoms at 
the interface and our deposited FCS has Fe-rich and Si-rich terminated surface. 
The non Cr-rich terminated surface may also account for the low TMR ratio in 
our MTJ samples. Another main reason is that the DOS of majority spin of 
FCS at EF is very sharp and the EF is close to the conduction band edge of 
minority spin (small half metallic gap). Hence, a little shift of the EF may 
cause a large reduction of spin polarization and therefore the TMR ratio 
suffers seriously from the thermal fluctuation. 
 
4.5 References 
[1]    H. Luo, Z. Zhu, L. Ma, S. Xu, H. Liu, J. Qu, Y. Li, and G. Wu, J. Phys. 
D: Appl. Phys. 40, 7121 (2007). 
[2] S. Yoshimura, H. Asano, Y. Nakamura, K. Yamaji, Y. Takeda, M. 
Matsui, S. Ishida, Y. Nozaki, K. Matsuyama, J. Appl. Phys. 103, 
07D716 (2008) 
[3] V. Ko, J. Qiu, P. Luo, G.C. Han, and Y.P. Feng, J. Appl. Phys. 109, 
07B103 (2011). 






[5] S. Mangin, Y. Henry, D. Ravelosona, J. A. Katine, and Eric E. Fullerton, 
Appl. Phys. Lett. 94, 012502 (2009). 
[6] K. Yakushiji, K. Saito, S. Mitani, K. Takanashi, Y. K. Takahashi, and K. 
Miyazaki, and H. Kubota, Appl. Phys. Lett. 88, 192508 (2006). 
[7] Y. Sakuraba, M. Hattori, M. Oogane, Y. Ando, H. Kato, A. Sakuma, T. 
Hono, Appl. Phys. Lett. 88, 222504 (2006). 
[8] S. Ishida, S. Fujii, S. Kashiwagi, and S. Asano, J. Phys. Soc. Jpn. 64, 
2152 (1995). 
[9] I. Galanakis, P. H. Dederiches, and N. Papanikolaou, Phys. Rev. B 
66,174429 (2002). 
[10] S. Picozzi, A. Continenza, and A. J. Freeman, Phys. Rev. B 66, 094421 
(2002). 
[11] S. Yoshimura, H. Asano, Y. Nakamura, K. Yamaji, Y. Takeda, M. 
Matsui,S. Ishida, Y. Nozaki, and K. Matsuyama, J. Appl. Phys. 103, 
07D716 (2008). 
[12] S. Mangin, Y. Henry, D. Ravelosona, J. A. Katine, and Eric E. Fullerton, 
Appl. Phys. Lett. 94, 012502 (2009). 
[13] M. Yamamoto, T. Marukame, T. Ishikawa, K. Matsuda, T. Uemura, and 
M. Arita, J. Phys. D: Appl. Phys. 39, 824 (2006). 
[14] A. C. Sun, J. H. Hsu, H. L. Huang, and P. C. Kuo, J. Magn. Magn. Mater. 
304, 106 (2006). 
[15] W. Zhangm N. Jiko, T. Okuno, K. Mibu, and K. Yoshimura, J. Magn. 
Magn. Mater. 309, 132 (2007). 





[17] Y. Sakuraba, J. Nakata, M. Oogane, H. Kubota, Y. Ando, A. Sakuma, 
and T. Miyazaki, J. Appl. Phys. Jpn. 44, 6535 (2005). 
[18] J. Schmalhorst, S. Kämmerer, M. Sacher, G. Reiss, and A. Hütten, Phys. 
Rev. B. 70, 024426 (2004). 
[19] S. Kämmerer, A. Thomas, A. Hütten, and G. Reiss, Appl. Phys. Lett. 85, 
79 (2004). 
[20] H. Sukegawa, H. Xiu, O. Ohkubo, T. Furubayasi, T. Niizeki, W. Wang, 
S. Kasai, S. Mitani, K. Inomata, and K. Hono, Appl. Phys. Lett. 96, 
212505 (2010). 
[21] B. A. Hamad, Eur. Phys. J. B 80, 11 (2011). 
[22] T. Ishikawa, S. Hakamata, K. Matsuda, T. Uemura, and M. Yamamoto, J. 
Appl. Phys. 103, 07A919 (2008). 
[23] T. Ishikawa, H. Liu, T. Taira, K. Matsuda, T. Uemura, and M. 
Yamamoto, Appl. Phys. Lett. 95, 232512 (2009). 
[24] M. Yamamoto, T. Ishikawa, T. Taira, G. Li, K. Matsuda, and T. Uemura, 
J. Phys.: Condens. Matter 22, 164212 (2010). 
[25] S. Tsunegi, Y. Sakuraba, M. Oogane, K. Takanashi, and Y. Ando,  Appl. 
Phys. Lett. 93, 112506 (2008). 
[26] Y. Sakuraba, J. Nakata, M. Oogane, Y. Ando, H. Kato, A. Sakuma, T. 
Miyazaki, and H. Kubota, Appl. Phys. Lett. 88, 022503 (2006). 
[27] S. Joo, K. Y. Jung, B. C. Lee, T. S. Kim, K. H. Shin, M. H. Jung, K. J. 
Rho, J. H. Park, J. Hong, and K. Rhie, Appl. Phys. Lett. 100, 172406 
(2012).  
[28] J. C. A. Huang, C. Y. Hsu, W. H. Chen, and Y. H. Lee, IEEE Trans. 





[29] S. Fujii, S. Ishida, and S. Asano, J. Phys. Soc. Jpn. 81, 034716 (2012).  
[30] D. Ebke, Z. Kugler, P. Thomas, O. Schebaum, M. Schafers, D. Nissen, J. 
Schmalhorst, A. Huttern, E. Arenholz, and A. Thomas, IEEE Trans. 




































This chapter presents the epitaxial growth of Heusler alloy 
Fe2Cr0.5Co0.5Si (FCCS) thin films and its application in magnetic tunnel 
junctions (MTJs). The FCCS has been theoretically predicted to have higher 
spin polarization as well as higher tunneling magnetoresistance (TMR) ratio at 
room temperature (RT) as compared with Fe2CrSi resulting from shifting the 
Fermi level (EF) close to the center of minority bandgap after Co-doping. The 
structural, magnetic, and transport properties of FCCS are investigated.  
 
5.1 Introduction and motivation 
As we discussed in Chapter 4, MTJs using B2 structure Fe2CrSi as the 
bottom electrode have yielded a low TMR ratio (8.1%) at RT. One of the 
reasons is that the density of states (DOS) of majority spin of Fe2CrSi at EF is 
very sharp and the EF is close to the band edge of minority spin. Hence, the 
spin polarization of Fe2CrSi may be strongly reduced by thermal fluctuation. 
The Co-based full Heusler alloys also face the same problem. For 
example, recent experiments found that for sputtered Co2MnSi Heusler films, 
the thermal excitation and spin-flip scattering can cause the spin polarization 
of Co-based Heusler alloys to decrease dramatically. To avoid thermal 
excitation and spin-flip scattering of electrons to the conduction sub-band, 
Bakle et al. [2] proposed a method to engineer the band gap and tune the EF by 
doping Fe in Heusler alloys Co2Mn1-xFexSi. Recently, based on the first 
principles calculations, Luo et al. [3] found that Fe-based Heusler alloys 
Fe2CoSi and Fe2CrSi are two typical half-metallic ferromagnets. They also 





insensitive to atomic disorder. However, the EF of Fe2CoSi and Fe2CrSi locate 
at the edge of valence and conduction bands, respectively. Therefore, their 
spin polarizations are easily destroyed by the thermal excitation and/or spin-
flip scattering. Following the idea of tuning the EF position in Heusler alloys 
Co2Mn1-xFexSi [2] and Co2FeAl1-xSix [4], one can expect to adjust the EF in 
Fe2Co1-xCrxSi. Therefore, Du el al. [5] studied the band structures of a series 
of Fe2Co1-xCrxSi Heusler alloys.  
 
Figure 5.1 Spin-resolved DOS for Fe2Co1-xCrxSi (x = 0, 0.25, 0.5, 0.75, and 1) 






As shown in Fig. 5.1, the upper part of each panel displays the majority 
spin densities and the lower one represents the minority spin densities. The 
majority states of Fe2CrSi exhibit a rather high density in the vicinity of EF 
that is caused by weakly dispersing, flat bands. As expected, the EF is shifted 
from the bottom of conduction band to the top of valence band as Co 
composition increases. Especially, the EF of Fe2Cr0.5Co0.5Si is tuned close to 
the center of minority band gap. Furthermore, the DOS of majority spin of 
Fe2Cr0.5Co0.5Si is high. As a result, Fe2Cr0.5Co0.5Si is expected to have higher 
spin polarization with better thermal stability leading to higher TMR ratio at 
RT. 
 
Figure 5.2 Saturation magnetization values (MS) for Fe2Co1-xCrxSi (x = 0, 
0.25, 0.5, 0.75, and 1) plotted together with the expected MS from Slater–
Pauling rule [5].  
 
Figure 5.2 shows the saturation magnetization (MS) as a function of Cr 





for x = 0, 0.25, 0.5, 0.75, and 1 in Fe2Co1-xCrxSi, respectively. These 
experimental values follow the Slater–Pauling rule as shown in Fig. 5.2. Based 
on the first principles calculations,  Galanikis et al. [6, 7] proposed that the MS 
of Huesler alloys follows the Slater–Pauling rule, MS = Zt – 24 (µB), where Zt 
is the total number of valence electrons. Therefore, Du et al. conclude that 
these Heusler alloys Fe2Co1-xCrxSi are potential half-metallic candidates with 
high spin polarization. 
 
Figure 5.3 The AMR ratio with different compositions measured at 10K [5].  
 
Du et al. also carried out the anisotropic magnetoresistance (AMR) effect 
measurement. Figure 5.3 shows the AMR ratio calculated based on MR 
measurement. They found that, the AMR ratio of Fe2Co1-xCrxSi (x = 0.25, 0.5, 
and 0.75) shows a negative value, which suggests that the dominant scattering 
is s↑ → d↓ (see the DOS of Fe2Co1-xCrxSi in Fig. 5.1). Referring to the AMR 
description proposed by Kokado et al. [8], the negative AMR sign indicates 
the half-metallic nature of this series. However, for the two end members, 





the half-metallic properties may be destroyed easily because of their EF 
located at the edge of the gap. Especially for Fe2Cr0.5Co0.5Si in Fig. 5.3, it is 
expected to have the best half-metallic property with high spin polarization. 
Therefore, we decide to deposite Fe2Cr0.5Co0.5Si thin films with optimized 
crystalline structure, and utilize it in MTJ structure. It is expected to achieve a 
higher TMR ratio compared with Fe2CrSi, since the EF of Fe2Cr0.5Co0.5Si is 
shifted close to the center of minority band gap. 
 
5.2 Characterization of Fe2Cr0.5Co0.5Si thin films  
The Fe2Cr0.5Co0.5Si (FCCS) thin films were deposited. The structure and 
magnetic properties were investigated in details. A single layer of FCCS (30 
nm) was deposited by sputtering a stoichiometric Fe45Cr13Co17Si25 target on 
MgO (100) substrate with a Cr (40 nm) buffer layer and capped with Ru (3 
nm). All films were deposited at room temperature and then in-situ annealed at 
various temperatures (Tia) in an ultra-high vacuum magnetron sputtering 
system with base pressure of 10-7 Pa. The Tia is 600 oC for MgO substrates for 
de-gassing purpose, 700 oC for Cr buffer layer to achieve smooth surface, and 
350 oC – 450 oC for FCCS thin film to investigate the annealing effect of 
crystalline structure. 
Figure 5.4 shows AFM images of FCCS thin films under various Tia. The 
surface of FCCS thin film is very smooth with root mean square (rms) value of 
0.23 nm and 0.26 nm for Tia = 350 oC and 400 oC, respectively. However, the 





be due to Cr diffusion. As a result, Tia should be equal to or less than 400 oC 
for MTJ application in term of surface roughness. 
 
Figure 5.4 AFM images of FCCS thin films (a) as-deposited, (b) with Tia = 
350 oC, (c) Tia = 400 oC, and (d) Tia = 450 oC, respectively. 
 
Figure 5.5 shows the X-ray diffraction (XRD) patterns of MgO/Cr (40 
nm)/FCCS (30 nm)/Ru (3 nm) under various Tia. The epitaxial relation is MgO 
(001) [100] // Cr (001) [110] // FCCS (001) [110]. The MgO (200) and Cr 
(200) peaks are detected in all films indicating [100]-preferred orientation. 
The FCCS (200) and (400) peaks are observed with Tia = 400 oC and 450 oC 
indicating that the ordering of FCCS thin films transforms from A2 to B2 or 
L21 [9]. The peak intensity is higher for Tia = 450 oC. The lattice constants of 
FCCS under Tia = 400 oC and 450 oC estimated from the 2θ scans are 5.590±
0.005 Å and 5.630±0.005 Å, respectively. These values are close to the 






Figure 5.5 XRD θ-2θ scan for FCCS thin films under various Tia. From bottom 
to top: as-deposited, Tia = 350 oC, 400 oC, and 450 oC, respectively. 
 
As shown in Fig. 5.6, the full-width-at-half-maximum (FWHM) of the 
diffraction peak in rocking curve measurements of FCCS (400) peak are 0.641° 
and 0.620° for Tia = 400 oC and 450 oC, respectively. Although Tia = 450 oC 
gives rise to a slightly better FCCS crystalline structure, the rms value of 0.47 
is too rough for MTJs, since the MgO barrier layer in MTJs is typically only 1 
nm thick. The rough bottom electrode layer may cause the formation of 
pinholes in such a thin MgO barrier which will suppress the TMR 
performance. This is similar to that previously reported in Ref. [11] in which 
the films deposited at high temperatures show rough surfaces. As a result, 400 
oC in-situ annealing is the best thermal treatment for FCCS thin film in terms 










Figure 5.7 The ϕ-scan of (a) Cr (111) and (b) FCCS (111) peaks for FCCS 
thin films with Tia = 400 oC. 
 
We have also investigated the [111] orientation of the films by the in 
plane -scan to confirm the L21 structure of the FCCS films. As shown in Fig. 
5.7, the diffraction peaks from the (111) superlattice reflections for Cr buffer 
layer and FCCS thin films are observed, which corresponds to L21 structure 
for FCCS film at Tia = 400 oC. This indicates the existence of L21 structure in 
our FCCS film. Since L21 structure in FCCS has a better chemical ordering 
than B2 structure FCS, higher spin polarization as well as higher TMR ratio 






Figure 5.8 M-H loops for FCCS thin films (a) as-deposited, (b) Tia = 350 oC, 
(c) Tia = 400 oC, and (d) Tia = 450 oC, respectively. 
 
Figure 5.8 presents the M-H loop for FCCS with various thermal 
treatments. The field was applied along the in-plane [011] direction, which is 
parallel to the easy axis of the crystalline anisotropy of FCCS. As Tia increases 
initially, the squareness of M-H loops of FCCS films becomes better, 
indicating better crystalline structure. The best squareness is formed for FCCS 
films at Tia = 400 oC. However, the M-H loop becomes worse when Tia rises to 
450 oC. This further confirms that 400 oC in-situ annealing is the best thermal 






Figure 5.9 The Tia dependence of MS and HC of FCCS thin films. 
 
Figure 5.9 depicts the saturation magnetization (MS) and coercivity (HC) 
of FCCS as a function of Tia measured by alternating gradient magnetometer. 
The MS of FCCS increases with the Tia. In particular, there is a large increase 
of MS value from 103 emu/cm3 at Tia = 350 oC to 410 emu/cm3 at Tia = 400 oC. 
This can be attributed to the increase in ordering and better crystallization as 
demonstrated by XRD results in Fig. 5.5. Meanwhile, HC decreases from 150 
Oe to 5 Oe with increasing Tia. The decrease in HC can be explained by a 
possible reduction in defect density accompanied with an enhancement of 
crystalline quality.  Especially for FCCS with Tia = 400 oC, the value of HC is 
20 Oe, which is a suitable value for free layer in MTJ. The ratio of remanent 
magnetization (Mr) to MS is 0.84, which indicates the magnetic easy-axis is 
along [011] direction. The MS of FCCS is slightly larger than that of FCS 





based Heusler alloys, such as Co2MnSi, Co2FeSi and Co2FeAl (1000~1200 
emu/cm3) [12-16]. The relatively low MS of FCCS is favourable for low 
switching current density required for spin-transfer torque devices, such as 
STT-MRAM [17].  
 
Figure 5.10 XPS depth profile for FCCS samples with Tia = 400 oC. 
 
at 4.5 min Fe2p3 Cr2p3 Co2p3 Si2p 
Atom % 35.76 32.22 10.79 19.62
Normalized % 36% 33% 11% 20% 
Table 5.1 The estimated FCCS film composition using XPS depth profile at 4.5 
mins sputter time. 
 
selected zone Fe2p3 Cr2p3 Co2p3 Si2p 
sum Atomic% 122.82 107.83 38.76 69.80 
Normalized % 36% 32% 11% 21% 
Table 5.2 The estimated FCCS film composition using XPS depth profile at 






We also investigated the composition of FCCS thin films using XPS 
depth profile as shown in Fig. 5.10. Table 5.1 shows the estimated FCCS film 
composition ratio is 36:33:11:20 using XPS depth profile at 4.5 mins sputter 
time, while Table 5.2 shows the estimated FCCS film composition ratio is 
36:32:11:21 using XPS depth profile at selected zone of sputter time from 2.5 
mins to 6 mins. These two different methods give similar FCCS film 
composition ratio, indicating that this ratio is reliable. The Cr has relatively 
high atomic amount in our FCCS films. 
 
Figure 5.11 Remanent magnetization measured for FCCS thin films with Tia = 
400 oC as a function of temperature using SQUID system. 
 
Figure 5.11 shows the remanent magnetization (Mr) of FCCS thin films 
with Tia = 400 oC as a function of temperature (T) measured by SQUID system. 
A magnetic field of 1000 Oe was applied during the cooling process. The 
magnetization curve displays a concave shape. The measurement was only 





that the Curie temperature of FCCS thin films is greater than 400 K, which is 
higher than room temperature. There are two transition temperatures (T1 and 
T2) marked in the figure. The T1 = 15 K should come from spin-glass-like 
small magnetic domains while T2 = 125 K indicates a secondary magnetic 
phase in Fe2Cr0.5Co0.5Si. This is consistent with our XRD result where both 
L21 and B2 phases co-exist in Fe2Cr0.5Co0.5Si film. 
 
5.3 TMR performance for MTJs using Fe2Cr0.5Co0.5Si as a bottom 
electrode 
We utilize FCCS thin films for MTJ structure. As discussed above, the in-
situ annealing at Tia = 400 oC gives the best FCCS performance. Therefore, Tia 
is fixed at 400 oC for FCCS layer in MTJs in the subsequent study. The MTJ 
structure of MgO (100)/Cr (40 nm)/FCCS (30 nm)/Mg (0.3 nm)/MgO (0.7 
nm)/CoFe (3 nm)/IrMn (8 nm)/Ru (3 nm) was fabricated. All films were 
deposited at RT and then in-situ annealed at various Tia in an ultra-high 
vacuum magnetron sputtering system with base pressure of 10-7 Pa. The Tia is 
600 oC for MgO substrates for de-gassing, 700 oC for Cr buffer layer for 
smooth surface, and 400 oC for FCCS thin film for better chemical ordering. 
Since MgO barrier plays an important role in TMR performance, we 
investigated the in-situ annealing effect on MgO barrier. Three different MTJ 
structures were fabricated. One is MgO barrier without in-situ annealing, 
while 2nd one is MgO barrier with Tia = 400 oC. The last one is in-situ 
annealing at the center of top electrode CoFe, which is the top electrode with 





IrMn (8 nm)/ Ru (3 nm). One main issue is that the interface between MgO 
barrier and electrode is critical in TMR performance, so annealing after MgO 
barrier deposition could cause some unexpected additional defects at the 
interface between MgO barrier and CoFe. Therefore, annealing at the center of 
CoFe is possible to avoid the additional defects at the interface, and at the 
same time to achieve the improvement of the MgO barrier structure. The ex-
situ post-annealed at various Tpa ranging from 235 oC to 350 oC were carried 
out in high vacuum in the presence of an in-plane magnetic field of 1 Tesla in 
order to develop an exchange bias (EB) between CoFe and IrMn layers. The 
Mg insertion layer is used to prevent the oxidation of FCCS by MgO barrier 
during MgO deposition and subsequent post-annealing.  
 
Figure 5.12 M-H loops of MTJ structure using FCCS for MgO barrier without 






Figure 5.12 shows M-H loops of MTJ structure using FCCS for MgO 
barrier without in-situ annealing under different Tpa. The exchange bias (EB) 
is clearly observed even without Tpa. The squareness of M-H loop for the top 
electrode becomes better after Tpa, which could be attributed to the better 
crystalline structure of the top electrode resulting from the better crystalline 
structure of MgO barrier during post-annealing. However, when Tpa = 350 oC, 
the coecivity (HC) of the top electrode increases which could be explained by a 
possible increasing of defect density accompanied with a degradation of 
crystalline quality due to Mn diffusion.   
 
Figure 5.13 RA and TMR ratio for MTJ structure using FCCS for MgO 
barrier without in-situ annealing as a function of Tpa. 
 
Figure 5.13 depicts resistance-area product (RA) and TMR ratio for MTJ 
structure using FCCS for MgO barrier without in-situ annealing as a function 





crystalline structure of MgO barrier after post-annealing, and then decreases at 
Tpa = 350 oC which may be due to the reduction of crystalline structure of the 
top electrode resulted from Mn diffusion. The highest TMR ratio is obtained 
as 12.1% for the sample at Tpa = 300 oC. The monotonic increment of RA most 
likely further confirms the enhancement of crystalline structure of MgO 
barrier. 
 
Figure 5.14 (a) XRD pattern, (b) ϕ-scan of FCCS (111) peak, and (c) rocking 
curve of FCCS (400) peak for MTJ structure using FCCS for MgO barrier 
without in-situ annealing with Tpa = 300 oC. 
 
Figure 5.14 shows XRD pattern for MTJ structure using FCCS for MgO 





peaks are observed in 2θ-scan as shown in Fig. 5.14 (a). In addition, the 
diffraction peaks from the (111) superlattice reflections for FCCS thin films is 
obtained as shown in Fig. 5.14 (b), which corresponds to L21 structure for 
FCCS film. This indicates the existence of L21 structure in FCCS film. 
Furthermore, the FWHM of the diffraction peak in rocking curve 
measurements of FCCS (400) peak is 0.809° suggesting a good crystalline 
structure. 
 
Figure 5.15 M-H loops of MTJ structure using FCCS with in-situ annealing of 
MgO barrier (at Tia = 400 oC) under different Tpa. 
 
Figure 5.15 shows M-H loops of MTJ structure using FCCS with in-situ 
annealing of MgO barrier (at Tia = 400 oC) under different Tpa. The EB is 
observed even without Tpa. The switching field for the free layer and pinned 





that of FCS reported in Ref. [11]. With Tpa = 300 oC, the EB still exists and the 
ratio of Mr to MS (top hysteresis loop) increases, indicating a sharp 
magnetization reversal as shown in Fig. 5.15(c). However, when Tpa increases 
further, the ratio of Mr to MS decreases (top hysteresis loop), signifying the 
degrading of crystalline structure of the top electrode. 
 
Figure 5.16 RA and TMR ratio for MTJ structure using FCCS with in-situ 
annealing of MgO barrier (at Tia = 400 oC) as a function of Tpa. 
 
The Tpa dependence of RA and TMR ratio are shown in Fig. 5.16. The RA 
increases gradually with Tpa. This is most likely due to a better crystalline 
quality of MgO barrier after post-annealing and oxygen diffusion to the 
bottom electrode. The TMR ratio initially increases with Tpa, then decreases 
after Tpa = 300 oC. The highest TMR ratio of 15.6% is achieved at Tpa = 300 
oC. This is due to the good interface properties, and the crystalline structure of 
MgO barrier as well as the top electrode CoFe in post-annealing process. The 





interface and Mn diffusion from IrMn layer to other layers. The inset of Fig. 
5.16 shows the TMR ratio as a function of Tpa for MTJs using FCS as the 
bottom free layer, which has the same structure as the MTJ structure using 
FCCS. The highest TMR ratio using FCS is 8.1% with Tpa = 250 oC, which is 
only half of the value obtained using FCCS at Tpa = 300 oC. The higher TMR 
ratio using FCCS could be due to the successful shifting of EF position in 
FCCS close to the centre of minority gap as compared to FCS and the better 
L21 ordering in FCCS than in FCS. Our results are consistent with the 
theoretical calculation in Ref. [5]. The higher Tpa for maximum TMR ratio can 
be ascribed to the sharper interface between MgO barrier and bottom free 
layer as well as better anti-oxidation of FCCS as compared to FCS. 
 
Figure 5.17 (a) XRD pattern, (b) ϕ-scan of FCCS (111) peak, and (c) rocking 
curve of FCCS (400) peak for MTJ structure at Tpa = 300 oC using FCCS with 






Figure 5.17 shows the XRD pattern for MTJ structure at Tpa = 300 oC 
using FCCS with in-situ annealing of MgO barrier (at Tia = 400 oC). Similarly, 
both FCCS (200) and (400) peaks are observed in 2θ-scan as shown in Fig. 
5.17 (a). Furthermore, the diffraction peak from the (111) superlattice 
reflections for FCCS thin films is observed as shown in Fig. 5.17(b). These 
results indicate the existence of L21 structure in FCCS film. Furthermore, the 
FWHM of the diffraction peak in the rocking curve measurements of FCCS 
(400) peak is 0.807° indicating a good crystalline structure. 
 
Figure 5.18 HRTEM images for MTJ structure at Tpa = 300 oC using FCCS 
with in-situ annealing of MgO barrier (at Tia = 400 oC).The insets show the 
FFT images. (a) shows more clearly the structure of FCCS, while (b) shows 
more clearly the structure of MgO barrier. 
 
Figure 5.18 shows HRTEM images for MTJ structure at Tpa = 300 oC 
using FCCS with in-situ annealing of MgO barrier (at Tia = 400 oC). The 
bright field images indicate that the MTJ structure has good morphology with 
smooth and flat interface. All the layers are continuous with no 
agglomerations. Although XRD measurement in Fig. 5.17 has detected L21 





films. As a result, no clear single crystalline FCCS film could be observed by 
HRTEM as shown in Fig. 5.18(a).  Moreover, the Fast Fourier transform 
images as shown in the inset of Fig. 5.18(b) confirm that most areas of MgO 
barrier are textured indicating enhanced crystalline structure of MgO barrier 
during in-situ annealing. 
Figure 5.19 depicts the EDX results for MTJ structure at Tpa = 300 oC 
using FCCS with in-situ annealing of MgO barrier (at Tia = 400 oC). A clear 
IrMn diffusion into CoFe layer is observed. Therefore, at even higher post-
annealing temperature, the diffusion could degrade the crystalline structure of 
the top electrode significantly leading to the reduction of TMR ratio.  
 
Figure 5.19 EDX results for MTJ structure at Tpa = 300 oC using FCCS with 






We note that the TMR ratio achieved in our MTJs is still lower than the 
expected value from the first-principle calculation [5]. There are few possible 
reasons leading to the suppression of TMR ratio. Firstly, the electronic and 
atomic structures of the ferromagnet/insulator interfaces play a critical role in 
spin-dependent tunnelling in MTJs. A small variations in atomic potentials 
and bonding near the interface have a very strong effect on the interface DOS 
and on the conductance. The existence of interface states and their 
contributions to the tunneling current depend on the degree of hybridization 
between the orbitals on metal and insulator atoms. Variations in the atomic 
potentials and bonding strength near the interfaces have a profound effect 
resulting in the formation of interface resonant states. This dramatically affects 
the spin polarization and TMR [18]. In Chapter 4, we have shown that the 
insertion of an Mg layer of 0.3 nm thick can effectively prevent the oxidation 
of the bottom electrode by MgO barrier, resulting in significant enhancement 
of TMR ratio. However, we cannot confirm whether there is residual Mg or 
partial oxidation of FCCS along the whole interface. Therefore, by modifying 
the electronic properties of the interfaces and eliminating interface states, it is 
possible to enhance the TMR ratio. Furthermore, the improvement of FCCS 
chemical ordering is another way to increase TMR ratio, since only partial L21 
structure is achieved for FCCS film in this study. B2 or A2 structure could 
degrade the spin polarization as well as TMR ratio. Last but not the least, by 
adjusting the Co composition in Fe2Cr1-xCoxSi, we can optimize the tuning of 
EF to the center of minority band gap, thereby enhancing the TMR ratio which 





Figure 5.20 shows M-H loops of MTJ structure using FCCS with Tia = 
400 oC at the center of CoFe layer under different Tpa. Unfortunately, no clear 
EB could be observed for all samples including as-deposited and under 
various Tpa. Although we aim to avoid the unexpected additional defect at the 
interface between MgO barrier and CoFe layer by annealing at the center of 
CoFe layer, the structure of CoFe layer is destroyed during the thermal 
treatment. As a result, MTJ structure with in-situ annealing of MgO barrier (at 
Tia = 400 oC) is able to improve the MgO crystalline structure leading to the 
improvement of TMR ratio. 
 
Figure 5.20 M-H loops of MTJ structure using FCCS with Tia = 400 oC at the 











In summary, FCCS thin film with partial L21 structure is achieved by 
sputtering, which has a better chemical ordering as compared to B2 structure 
FCS. The MTJ structure utilizing FCCS as a bottom free layer is fabricated. A 
TMR ratio of 15.6% is obtained for MTJ structure with in-situ annealing of 
MgO barrier (at Tia = 400 oC), as compared to 12.1% for MTJ structure 
without in-situ annealing of MgO barrier. The in-situ annealing for MgO 
barrier is able to improve the crystalline structure of MgO barrier leading to 
the improvement of TMR ratio. In addition, the TMR ratio of MTJ structure 
using FCCS is higher than those of MTJ structures using FCS, which can be 
attributed to the successful shifting of EF close to the center of minority band 
gap and the appearance of L21 ordering. 
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This chapter presents Heusler alloy Fe2Cr1-xCoxSi (FCCS) thin films with 
different Co composition x for magnetic tunnel junction (MTJ) application. 
FCCS films with different x were deposited by co-sputtering of Fe2CrSi and 
Fe2CoSi targets. The FCCS has been theoretically predicted to have higher 
spin polarization as well as higher tunneling magnetoresistance (TMR) ratio at 
room temperature (RT) by tuning the Fermi level (EF) close to the center of 
minority bandgap after Co-doping. The structural, magnetic, and transport 
properties of FCCS are investigated.  
 
6.1 Introduction and motivation 
As we discussion in Chapter 5, the TMR ratio of MTJs using 
Fe2Cr0.5Co0.5Si films by the sputtering of a stoichiometric Fe45Cr13Co17Si25 
target is higher than those of MTJs using FCS, which can be attributed to the 
successful shifting of EF close to the center of minority band gap. However, 
the TMR ratio achieved in our MTJs is still lower than the expected value 
from the first-principle calculation [1]. One possible way to enhance the TMR 
ratio is to adjust the Co composition in Fe2Cr1-xCoxSi, which could help to 
optimize the tuning of EF to the center of minority band gap. Therefore, co-
sputtering technique is adopted to adjust Co composition x in Fe2Cr1-xCoxSi. 
The various x values were chosen from 0 to 1. As a result, the EF can be 
shifted from the bottom of conduction band to the top of valence band as Co 
composition x increases [1]. At some particular value of x, the EF could be 
tuned to the center of minority band gap more precisely compatible with high 





higher spin polarization. Hence, higher TMR ratio at RT is expected in MTJs 
using FCCS by co-sputtering technique. 
 
6.2 Deposition conditions for Fe2Cr1-xCoxSi films by co-sputtering 
technique 
The Co composition x value is given based on the deposition rate of 
Fe2CrSi and Fe2CoSi targets. We separately deposited Fe2CrSi and Fe2CoSi 
films with different input powers. The linear dependence of deposition rate of 
Fe2CrSi and Fe2CoSi is obtained as a function of input power as shown in Fig. 




ୢୣ୮୭ୱ୧୲୧୭୬ ୰ୟ୲ୣ ୭୤ ୊ୣమେ୭ୗ୧  is used to figure out particular deposition rate of 
Fe2CrSi and Fe2CoSi for Fe2Cr1-xCoxSi with different x value. Hence, we can 
find out the input power of Fe2CrSi and Fe2CoSi for Fe2Cr1-xCoxSi with a 
particular x value for deposition using the linear dependence of the deposition 
rate versus input power, as shown in Table 6.1. 
 
Figure 6.1 Deposition rate as a function of input power for (a) Fe2CrSi and (b) 






 x = 0 x = 0.3 x = 0.5 x = 0.7 x = 0.9 x = 1 
Fe2CrSi 
power (W) 




0.3 0.202 0.15 0.09 0.03 N.A. 
Fe2CoSi 
power (W) 




N.A. 0.098 0.15 0.21 0.27 0.3 
Table 6.1 Deposition conditions for co-sputtering FCCS films with different 
Co composition x using Fe2CrSi and Fe2CoSi targets. The deposition rate for 
FCCS films was fixed as 0.3 Å/s. 
 
6.3 TMR performance for MTJ structure using Fe2Cr1-xCoxSi as the 
bottom electrode 
MTJs using FCCS with different Co composition were fabricated. The 
structural, magnetic, and transport properties are studied in details. The MTJs 
with a structure of MgO (100)/Cr (40 nm)/FCCS (30 nm)/Mg (0.3 nm)/MgO 
(0.7 nm)/CoFe (3 nm)/IrMn (8 nm)/Ru (3 nm) were deposited by ultra-high 
vacuum magnetron sputtering system at RT with the base pressure of 10-7 Pa. 
The FCCS films with different x were prepared by a co-sputtering technique 
using Fe2CrSi and Fe2CoSi sputtering targets as discussed previously. The 
MgO barriers were grown by RF sputtering using MgO target at RT. An Mg 
layer of 0.3 nm thick was deposited onto the FCCS film prior to the deposition 
of MgO barrier to avoid the oxidation of FCCS. The in-situ thermal treatments 
(Tia) were performed with Tia = 600 oC for MgO substrate, Tia = 700 oC for Cr 
buffer layer to achieve flat surface, Tia = 400 oC for FCCS to promote 





crystalline and interface quality. The whole junctions were further post-
annealed at temperature (Tpa) ranging from 235 oC to 400 oC for 1 hour in high 
vacuum in the presence of an in-plane magnetic field of 1 Tesla.  
 
Figure 6.2 XRD patterns for MTJs using Fe2Cr1-xCoxSi (x = 0, 0.3, 0.5, 0.7, 
0.9, and 1) as bottom electrodes.  
 
Figure 6.2 shows the X-ray diffraction (XRD) patterns of MTJs using 
FCCS with various Co composition (x = 0, 0.3, 0.5, 0.7, 0.9, and 1) as the 
bottom electrodes.  The XRD results indicate that both the Cr buffer layer and 
the FCCS layers were grown with [100] orientation, exhibiting the epitaxial 
growth of the Cr and FCCS layers. Both (200) and (400) peaks for FCCS are 
observed, corresponding to B2 or L21 structure. The ratio for the area under 
FCCS (400) peak over the area under FCCS (200) peak provides the degree of 





x = 0, 0.3, 0.5, 0.7, 0.9, and 1, respectively. This suggests that the 
Fe2Cr0.3Co0.7Si has the highest chemical ordering. In addition, the lattice 
constants ranging from 5.6298 Å to 5.6090 Å for FCCS depending on the x 
composition can be obtained from the XRD results. We can see that there is no 
significant change in lattice parameters with x. This may be attributed to the 
small difference in atomic radius of Co and Cr. The estimated lattice constants 
are quite close to the theoretical values (5.679Å and 5.645Å for Fe2CrSi and 
Fe2CoSi, respectively) [2]. 
 
Figure 6.3 -scan of (111) orientation for (a)Fe2CrSi,(b) Fe2Cr0.7Co0.3Si, (c) 






One way to distinguish B2 and L21 structure is to perform a -scan where 
a diffraction peak from the (111) superlattice reflection can be observed only 
for L21 structure. As shown in Fig. 6.3, the (111) peak in the diffraction 
patterns is clearly observed for Fe2Cr0.7Co0.3Si and Fe2Cr0.5Co0.5Si films, 
indicating the ordering of L21. On the other hand, the absence of (111) peak 
for the rest of x composition and the existence of (200) peak in Fig. 6.3 
confirm the B2 structure.  
 






Furthermore, as shown in Fig. 6.4, the full width at half maximum 
(FWHM) of (400) peak for FCCS for x = 0, 0.3, 0.5, 0.7, 0.9, and 1 are 0.741, 
0.608, 0.574, 0.542, 0.712, and 0.714, respectively. This further indicates that 
x = 0.7 gives rise to the best crystalline structure.  
In summary, all FCCS films with different x are of high crystalline quality 
with L21 structure achieved at x = 0.3 and 0.5 while the rest belongs to B2 
structure. In particular, Fe2Cr0.3Co0.7Si has the highest chemical ordering and 
best crystalline structure among all the samples. 
 
Figure 6.5 M-H loop of Fe2Cr1-xCoxSi (x = 0.3, 0.5, 0.7, and 1). 
 
Figure 6.5 shows the M-H loops of MTJs measured by alternating 
gradient magnetometer (AGM) at RT. All samples show clear exchange bias 
field (Hex) and Hex increases with x composition (Hex = 220 Oe [3], 271 Oe, 
279 Oe, 342 Oe and 400 Oe for x = 0, 0.3 0.5, 0.7 and 1, respectively). The 





CoFe/IrMn top electrode which results from a better crystalline structure of 
the bottom electrode. 
 
Figure 6.6 M-H loop of MTJ structure using Fe2Cr0.3Co0.7Si with different Tpa. 
 
Figure 6.6 shows M-H loops of MTJ structure using Fe2Cr0.3Co0.7Si with 
different Tpa. As Tpa increases, the squareness of the top electrode improves. 
Figure 6.7 presents Hex and coercivity (HC) of the top electrode for MTJs 
using Fe2Cr0.3Co0.7Si as a function of Tpa. The highest Hex is achieved as high 





gradually with Tpa. These results could indicate better crystalline structure of 
the top electrode during the post-annealing process. 
 
Figure 6.7 Hex and HC of top electrode for MTJ structure using Fe2Cr0.3Co0.7Si 
as a function of Tpa. 
 
 
Figure 6.8 MS and HC of Fe2Cr1-xCoxSi as a function of Co composition x. The 





Figure 6.8 presents the saturation magnetization (MS) and HC of FCCS as 
a function of x. The monotonous increment of MS with x can be attributed to 
more valence electrons of Co than Cr. In addition, the solid line in Fig. 6.8 is a 
linear fitting of MS which follows the half-metallic Slater-Pauling rule, MS = Zt 
– 24(μB), where Zt is the total number of valence electrons [4]. This suggests 
that Heusler alloys FCCS are half-metallic candidates. The HC values of FCCS 
with different x range from 4.3 Oe to 6.9 Oe, indicating a soft ferromagnetic 
nature. 
 
Figure 6.9 Remanent magnetization of Fe2Cr0.3Co0.7Si as a function of 
temperature measured by SQUID system. 
 
Figure 6.9 shows the remanent magnetization (Mr) of Fe2Cr0.3Co0.7Si as a 
function of temperature measured by SQUID system. A magnetic field of 
1000 Oe was applied during the cooling process. The measurement was only 
until 400 K due to the system limitation. However, we can conclude that the 





than room temperature. There is a very low transition temperature at T = 15 K, 
which should also come from spin-glass-like small magnetic domains. The 
rest of Mr-T curve shows a convex shape, indicating a long range exchange 
coupling and single magnetic phase in Fe2Cr0.3Co0.7Si. A similar curve shape 
is reported in the study of Heulser alloys Co2MnSi and Cu2MnAl in Ref. [5]. 
The XRD result demonstrates that Fe2Cr0.3Co0.7Si has the highest chemical 
ordering and B2 structure phase dominates. Therefore, the single magnetic 
phase observed in Fig. 6.9 should come from B2 phase in Fe2Cr0.3Co0.7Si. 
 































Figure 6.15 RA and TMR ratio of MTJs using Fe2CoSi as a function of Tpa. 
 
Figure 6.10 – 6.15 show the resistance-area product (RA) and TMR ratio 
of MTJs using FCCS with different Co composition (x = 0, 0.3, 0.5, 0.7, 0.9, 
and 1) as a function of Tpa. The highest TMR ratio is achieved for all the 
samples with Tpa = 350 oC. The annealing of MTJs at an appropriate 
temperature improves not only the structural properties of the upper electrode 
but also the interfacial structural properties, leading to an enhancement of the 
TMR ratio. However, the TMR ratio drops dramatically at Tpa = 400 oC. This 
is most likely due to the oxidation of FCCS layer at the interface with the 
MgO barrier as well as Mn diffusion from IrMn into the top electrode CoFe 
layer. The Mn diffusion will be discussed later. The oxidized FCCS surface 
may act as additional scattering canters for spin polarized tunnelling electrons, 
which would suppress TMR ratio. The oxidation of FCCS at the interface is 





The TMR ratio as a function of x is shown in Fig. 6.16. A TMR ratio of 
19.3% at RT is achieved at x = 0.7 with B2 structure, rather than x = 0.3 and 
0.5 with L21 structure. This suggests that the chemical ordering and the 
crystalline quality are more important to enhance the spin polarization rather 
than the formation of L21. In addition, the EF in Fe2Cr0.3Co0.7Si may have been 
tuned closer to the centre of band gap of minority spin, resulting in a better 
thermal stability. Hence, higher spin polarization with high TMR ratio is 
observed in Fe2Cr0.3Co0.7Si. 
 
 
Figure 6.16 TMR ratio of MTJs using Fe2Cr1-xCoxSi (x = 0, 0.3, 0.5, 0.7, 0.9, 








Figure 6.17 (a) HRTEM of MTJs using (a) Fe2Cr0.3Co0.7Si; (b) Fe2Cr0.5Co0.5Si 
as bottom electrodes. The inset shows the FFT images. 
 
Figure 6.17 shows the cross-sectional high-resolution transmission 
electron microscopy (HRTEM) images of MTJs using Fe2Cr0.3Co0.7Si and 
Fe2Cr0.5Co0.5Si as bottom electrodes. The results show that the MTJ structures 
have good morphology with smooth and flat interface. All the layers are 
continuous without agglomerations. The Fast Fourier transform (FFT) images 
as shown in the inset of Fig. 6.17(a) and Fig. 6.17(b) confirm that 
Fe2Cr0.3Co0.7Si layer has better crystalline structure with higher ordering 
degree, as compared to Fe2Cr0.5Co0.5Si, which boosts the TMR ratio. One 
problem is that Fe2Cr0.3Co0.7Si layer in some locations near the interface has 







Figure 6.18 EDX results for MTJ of Fe2Cr0.3Co0.7Si with Tpa = 350 oC. 
 
Figure 6.18 depicts EDX results for MTJ of Fe2Cr0.3Co0.7Si with Tpa = 350 
oC. The IrMn diffusion into CoFe layer is clearly observed. Therefore, at even 
higher Tpa, the diffusion could totally destroy the crystalline structure of the 
top electrode leading to the significant reduction of TMR ratio. Furthermore, 
EDX result of Fe2Cr0.3Co0.7Si film shows the atom composition is Fe : Cr : Co : 
Si = 2 : 0.5 : 1 : 0.75. This is within the error bar. Hence, the nominal 
composition matches with the actual composition. 
In order to improve the TMR ratio, we increase the thickness of the 
inserted Mg layer from 0.3 to 0.4 nm to suppress the oxidation at the interface. 
As a result, the TMR ratio is enhanced to 28% as shown in Fig. 6.19, which is 






Figure 6.19 RA and TMR ratio of MTJs using Fe2Cr0.3Co0.7Si with 0.4 nm Mg 
layer insertion as a function of Tpa. 
 
In our study, the highest TMR ratio among Fe2Cr1-xCoxSi compounds is 
achieved at x = 0.7, while the theoretical calculation predicts that the highest 
TMR ratio are expected at x = 0.5 [1]. From the DOS shown in Ref. 1, 
Fe2Cr0.25Co0.75Si is predicted to have slightly smaller spin polarization than 
Fe2Cr0.5Co0.5Si since the EF lies at the valley of DOS of the majority spin.  In 
our case, the spin polarization of Fe2Cr0.3Co0.7Si is expected to increase 
significantly since with a slightly less Co-doping EF will move closer to the 
center of energy band gap of minority spin and out of the valley of DOS of 
majority spin. Thus, Fe2Cr0.3Co0.7Si could have the highest spin polarization 
among FCCS samples with thermal stability leading to high TMR ratio. This 
is consistent with our experimental results. However, the TMR ratio obtained 
is still much lower than that of Co-based Heusler alloys, such as 354% for 





Co2FeAl0.5Si0.5. One possible reason is that the ferromagnet/insulator interface 
plays a critical role in the enhancement of the TMR ratio. The removal of 
interface defects would effectively increase the TMR ratio. In our study, an 
additional 0.1 nm thick of Mg layer insertion has efficiently prevented the 
oxidation and significantly improved the TMR ratio. However, there could be 
Mg residual in some locations along the interface and it is hard to control the 
exact Mg thickness for a perfect interface at which there is neither metallic Mg 
residual nor oxidized bottom electrode. In addition, the TMR ratio could be 
further enhanced if high chemical ordering and crystalline quality with L21 
structure Fe2Cr0.3Co0.7Si could be achieved. 
 
6.4 Summary 
In summary, we have epitaxially grown and studied the structural and 
magnetic properties of FCCS Heusler alloys with various compositions of x. 
The L21 structure are obtained for x = 0.3, and 0.5, while B2 structure are 
observed for the rest of x compositions. The highest TMR ratio is achieved as 
19.3% at RT for MTJs using Fe2Cr0.3Co0.7Si as the bottom electrode. This 
suggests that the EF in Fe2Cr0.3Co0.7Si has been tuned close to the center of 
band gap of minority spin, resulting in a better thermal stability and higher 
spin polarization. In addition, the removal of the oxidized Fe2Cr0.3Co0.7Si at 
the interface by MgO barrier layer is the key to improve the TMR ratio. Our 
results show that with a 0.4 nm thick of Mg layer insertion, the TMR ratio can 
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Perpendicular magnetic anisotropy 
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This chapter presents the perpendicular magnetic anisotropy (PMA) in 
annealed ultra-thin full Heusler alloys Fe2Cr1-xCoxSi (FCCS) films with 
different Co composition and their application in perpendicular magnetic 
tunnel junctions (p-MTJs). Full Heusler alloys with high spin polarization, low 
damping constant, and good lattice match with MgO are considered as 
potential PMA candidates for p-MTJs at sub-50 nm dimension. The structural, 
magnetic, and transport properties of ultra-thin FCCS films are investigated. 
 
7.1 Introduction and motivation 
MgO-based magnetic tunnel junctions (MTJs) has attracted great interest 
due to large tunneling magnetoresistance (TMR) effect [1-2] and potential 
applications in magnetoresistive random access memory (MRAM). Compared 
with both types of MTJs with in-plane and perpendicular magnetization of 
ferromagnetic electrodes, the later ones show more advantages. They allow the 
reduction of the spin transfer torque (STT) switching current density due to the 
absence of the demagnetization term, and show higher stability against 
thermal fluctuation as a result of their larger anisotropy energy compared to 
the established in-plane magnetized materials [3-5].  
The conventional PMA materials explored so far include rare-
earth/transition metal alloys [6-7], Co/(Pd, Pt, Ni) multilayers [8-9], and L10-
ordered (Co, Fe)Pt alloys [10-11]. However, these materials suffer from some 
limitations including insufficient chemical and/or thermal stability and low 
spin polarization. Therefore, PMA materials with high spin polarization, low 





spintronic devices. Recently, interfacial perpendicular anisotropy induced by 
MgO interface was shown as an efficient way to realize PMA for conventional 
magnetic storage materials, such as CoFeB [12]. However, the damping 
constant of CoFeB increases sharply as its thickness decreases (less than 2 nm) 
[12], which will lead to the increase in the intrinsic critical switching current 
density. This might constitute a disadvantage for STT switching. Therefore, 
materials with high spin polarization and low damping constant are promising 
PMA candidates for MTJs at sub-50 nm dimension. 
Recently, full Heusler alloys have attracted much attention as PMA 
materials, such as Co2FeAl [13-14] and Co2FeAl0.5Si0.5 [15]. Only Co2FeAl in 
Heusler alloys has been reported a TMR ratio of 91% in p-MTJs [13]. So far, 
there is no report on the PMA in Fe-based Heusler alloys. Therefore, we focus 
our study on Fe-based Heusler alloys Fe2Cr1-xCoxSi, since FCCS have been 
predicted to have high spin polarization. We have implemented FCCS thin 
films as bottom ferromagnetic electrode with in-plane magnetization in MTJs 
in Chapter 6. In this chapter, we discuss our investigations on the PMA in 
FCCS films. We further utilized these ultra-thin FCCS films (1 nm) with 
different Co composition for p-MTJs. Our results show that a TMR ratio as 
high as 51.3% can be achieved for p-MTJs using full Heusler alloy Fe2CrSi as 
a bottom electrode. 
 
7.2 Interfacial PMA in ultra-thin Heusler alloy Fe2Cr1-xCoxSi films 
Full Heusler alloys have low magnetocrystalline anisotropy due to cubic 





films with thickness ˃ 2 nm. Therefore, we attempt to fabricate ultra-thin 
FCCS films faced to MgO layer and investigated the PMA property from the 
interfacial perpendicular anisotropy between FCCS and MgO. The post-
annealing temperature dependence, thickness dependence and Co composition 
dependence of PMA in ultrathin FCCS films are investigated. 
All samples were prepared by an ultrahigh vacuum magnetron sputtering 
system with base pressure of 10-7 Pa. The stack structure is MgO (100)/ Cr (40 
nm)/ Fe2Cr1-xCoxSi (t nm)/Mg (0.3 nm)/MgO (2.5 nm)/Ru (3 nm), with t is 
nominal thickness of the layer ranged from 0.6 to 1.4 nm, and x is nominal 
composition determined by the relative deposition rate of each target and set 
as 0, 0.3, 0.5, 0.7, 0.9, 1, respectively. The FCCS films with different x were 
prepared by co-sputtering technique using Fe2CrSi and Fe2CoSi sputtering 
targets as mentioned in Chapter 6. Prior to the deposition, the MgO substrate 
was pre-heated at 600 oC for 1 hour. The Cr buffer layer was in-situ annealed 
at 700 oC for 30 minutes after deposition at room temperature in order to 
achieve a very flat surface. Then FCCS film was deposited on Cr at room 
temperature, followed by in-situ annealing at 400 oC to promote chemical 
ordering. The MgO layer was grown by RF sputtering using MgO target at 
room temperature. To prevent over-oxidation of FCCS film by MgO layer, a 
thin Mg layer of 0.3 nm was inserted before MgO deposition. The post-
annealing effect was investigated by ex-situ post-annealing at various 
temperatures ranging from Tpa = 250 oC to 400 oC in high vacuum in the 
presence of an out-of-plane magnetic field of 1 Tesla for 1 hour. 
Figure 7.1 - 7.6 shows the Tpa dependence of 0.8 nm-thick FCCS films 





PMA is observed for all the as-deposited FCCS samples to all t and x. It is 
noted that PMA in FCCS films only occurs after post-annealing, which could 
be due to the formation of better interface quality between FCCS and MgO, 
and improved quality of MgO layer after post-annealing [16-19]. There is a 
clear transition from in-plane magnetic anisotropy to PMA after Tpa = 250 oC 
for FCCS films with different Co composition. The perpendicular M-H loops 
show sharp magnetization reversal and the PMA is stably maintained with Tpa 
up to 350 oC, suggesting that the structure has a good thermal stability. 
However, at Tpa = 400 oC, the squareness of perpendicular M-H loop degrades 
for FCCS films with x = 0, 0.3, 0.5, while in-plane magnetic anisotropy are 
observed for FCCS films with x = 0.7, 0.9, 1. This indicates that the Fe-O 
bonding is predominant and generates PMA in FCCS films. For Heusler alloys 
with a chemical form of X2YZ, the transition metals X and Y occupy 
simultaneously X sites when the Y atom is more electronegative than the atoms 
X [20-22]. Therefore, in Fe2CrSi, when Cr is partially replaced by Co, some 
Co atoms do not directly occupy the sites of Cr (Y), but the sites of Fe (X), 
pushing Fe to the Y sites. As Co composition increases, less Fe atoms occupy 









































Figure 7.6 M-H loops for 0.8 nm-thick Fe2CoSi films under different Tpa. 
 
Figure 7.7 shows the Tpa dependence of saturation magnetization (MS) and 
coercivity (HC) of perpendicular M-H loops for Fe2Cr0.3Co0.7Si sample. The 
initial increase in MS with Tpa may be attributed to the improved FCCS 
chemical ordering [15]. As Tpa further increases, the MS decreases slightly and 
then drops dramatically at Tpa = 400 oC. The HC of perpendicular M-H loops 





Considering that there is an optimum oxidation for the PMA in 
ferromagnet/oxide structure [23], there may also be similar behaviour at the 
FCCS/MgO interface that the optimum oxidation occurs at Tpa = 350 oC, 
resulting in the largest HC with sharp magnetization reversal. Therefore, Tpa of 
250 oC can be considered as the critical temperature for the transformation of 
magnetic easy axis from in-plane direction to out-of-plane direction, and Tpa of 
350 oC is considered as the best thermal treatment condition for FCCS films 
with PMA. 
 
Figure 7.7 Saturation magnetization, MS and coercivity, HC as a function of 
Tpa for 0.8 nm Fe2Cr0.3Co0.7Si sample. 
 
The PMA is observed in FCCS ultrathin films with different Co 
composition x and thickness t = 0.6 - 1.2 nm, but the in-plane magnetic 
anisotropy is observed at t ≥ 1.4 nm. Figure 7.8(a) shows the perpendicular 
M-H loops of Fe2Cr0.3Co0.7Si films with different thickness. Figure 7.8(b) 





(Mr) over MS. The HC decreases from 645 Oe to 92 Oe as t increases, and the 
best square shape with sharp magnetization reversal is given at t = 0.8 nm. 
 
Figure 7.8 (a) Perpendicular hysteresis loops at room temperature for 
Fe2Cr0.3Co0.7Si with different thickness t; (b) The HC and Mr/MS as a function 







Figure 7.9 The MS and KU versus Co composition x for 0.8 nm-thick Fe2Cr1-
xCoxSi films. 
 
The Co composition x dependence of PMA for FCCS is shown in Fig. 
7.9. The monotonic increment of MS with x can be attributed to Co having 
more valence electrons than Cr. The MS values of 0.8 nm-thick FCCS films 
are close to those of B2/L21 structure epitaxial FCCS films with a thickness of 
30 nm as discussed in Chapter 6, suggesting that FCCS ultrathin films could 
have similar chemical ordering as in a thick film, which may result in high 
spin polarization. The Magnetic anisotropy energy density (KU) is estimated 
by KU = MSHk/2, where Hk is perpendicular anisotropy field. The calculated 
KU is 2.8 × 106 erg/cm3 for Fe2CrSi, and 2.3 × 106 erg/cm3 for Fe2Cr0.7Co0.3Si. 
The KU decreases as Co composition (x) increases. The KU values are 
comparable to the conventional PMA materials such as CoFeB/MgO structure 





106 erg/cm3) [13], which would be high enough to secure good thermal 
stability for devices at sub-50 nm dimensions. The decreasing trend of KU with 
x is expected, since the PMA induced at FCCS/MgO interface should be 
determined mainly by the contribution of Fe atoms rather than Co atoms [25]. 
The increase of x would lead to less Fe atoms at the interface, since more Co 
atoms are occupying the Fe position. As a result, Fe2CrSi is shown to have the 
strongest PMA. However, we have demonstrated that Fe2Cr0.3Co0.7Si is 
expected to have the highest spin polarization in Chapter 6. Therefore, there is 
a trade-off between strong PMA and high spin polarization by adjusting x in 
FCCS films. 
From these KU values, we calculated the thermal stability ∆ using 
equation (KUV)/ kBT for FCCS with different Co composition, where V is the 
volume (V= area × thickness = 40 nm × 40 nm × 0.8 nm), kB is the Boltzmann 
constant (kB = 1.38 × 10-23 JK-1), and T is the temperature (T = 300 K). As 
shown in Fig. 7.10, the ∆ value is as high as 70 for FCS, which is comparable 
to that of CoFeB in Ref. [26]. It is large enough to endure a retention time of 
over ten years. 
 






Figure 7.11 Co and Fe 2p XPS spectra for Fe2Cr0.7Co0.3Si sample with Tpa = 
350  oC. 
 
The origin of PMA in FCCS/MgO remains unclear. As the PMA is only 
observed in an ultrathin FCCS layer, it must be originated from the interface at 
the FCCS/MgO. So far, three main contributions to the interfacial PMA have 
been identified: 1) the hybridization between ferromagnetic Fe- or Co-3d and 
O-2p electron orbitals at the interface of FCCS/MgO; 2) the elastic stress due 
to the lattice distortion arising from the mismatching of FCCS and MgO lattice 
constants; and 3) the breaking of crystal symmetry at the interface. The atomic 
structure of ferromagnetic materials, such as Fe and Co, is 3dn4s2 (n = 6 and 7, 





magnetization of these ferromagnets. The origin of PMA is related to the 
anisotropy of these orbitals. In a bulk ferromagnet, the 3d orbitals degenerate 
in a first approximation (the chemical environment is roughly spherical). The 
presence of an interface breaks this quasispherical symmetry so that the 
energy of 3d orbitals pointing toward the interface is different from the energy 
of the 3d orbitals with planar symmetry. At the FCCS/MgO interface, one can 
expect that the predicted charge transfer between Fe-/Co- and O in optimally 
oxidized FCCS/MgO interface increases the asymmetry of the Fe/Co 3d bands, 
reducing the energy of the 3d orbitals responsible for the out-of-plane 
anisotropy and creating a splitting between in-plane and out-of-plane d orbitals. 
Thus, this strong band splitting could lead to strong PMA [23], [27]. The Co 
and Fe 2p spectra are shown in Fig. 7.11 for Fe2Cr0.7Co0.3Si film at Tpa = 350 
oC, while the rest of FCCS films with different x have similar observation. The 
main peaks of CoO 2p3/2, CoO 2p1/2, Fe2O3 2p3/2, and Fe2O3 2p1/2 have been 
detected, indicating that the Fe and Co at the interface between FCCS and 
MgO barrier are bonded to O from the MgO barrier. Our results are consistent 
to those reported in Ref. [28], where the oxidation of Co2FeAl was observed at 
the interface between Co2FeAl and MgO evidenced by XPS measurement. 
The charge transfer between Co/Fe and O at the FCCS/MgO interface may be 
responsible for the observed PMA. As discussed above, there is a slight 
decrease in KU when more Fe is substituted by Co. This change in PMA is 
attributed to the hybridization of the atomic orbitals. This indicates that the 
PMA induced at FCCS/MgO interface should be dominated by the 





result reported in Ref. [25], where the authors concluded that the PMA in 
Co2FeAl is determined mainly by the contribution of Fe atoms. 
It is noteworthy that we have deposited 0.3 nm Mg layer between FCCS 
and MgO barrier to prevent the over oxidation of FCCS, since the over-
oxidized FCCS surface may act as additional scattering centers for spin 
polarized tunneling electrons, which could reduce the spin polarization. On the 
other hand, Fe-O and Co-O bonding can induce strong PMA. Hence, Mg layer 
thickness should be optimized to achieve both high spin polarization and 
strong PMA. 
 
7.3 TMR performance in p-MTJs using ultra-thin Fe2Cr1-xCoxSi films 
We have observed PMA in ultra-thin FCCS films with different Co 
composition (x) and high KU have been achieved which point towards a good 
thermal stability of the film. This indicates that full Heusler alloys FCCS films 
could be potential PMA candidates for perpendicular p-MTJs at sub-50 nm 
dimension. We utilized these FCCS film into p-MTJs to investigate their 
transport property. 
 
7.3.1 Ta layer thickness for the top electrode CoFeB layer in p-
MTJs 
We have fabricated p-MTJs using FCCS as the bottom electrode and 
CoFeB as the top electrode, since CoFeB in p-MTJs has been well studied. We 





very small. Hence, we deposited a very thin Ta layer on CoFeB layer to avoid 
B diffusion. The thickness of Ta layer should be carefully chosen, otherwise B 
diffusion cannot be avoided or residual Ta could also diffuse into MgO barrier 
layer and destroy the structure. 
The sample structure is MgO (100)/ Cr (40 nm)/ Fe2Cr0.7Co0.3Si (1 
nm)/Mg (0.3 nm)/MgO (0.7 nm)/CoFe (0.1 nm)/CoFeB (1.5 nm)/ Ta (t 
nm)/Ru (5 nm), with t is 1 or 5 nm. Prior to the deposition, the MgO substrate 
was pre-heated at 600 oC for 1 hour. The Cr buffer layer was in-situ annealed 
at Tia = 700 oC for 30 mins after deposition at room temperature in order to 
achieve a very flat surface. Then FCCS film was deposited on Cr at room 
temperature, followed by in-situ annealing at Tia = 400 oC to promote chemical 
ordering. The MgO layer was grown by RF sputtering using MgO target at 
room temperature. The interface between electrode and MgO barrier plays a 
critical role in TMR effect. To prevent over-oxidation of FCCS film by MgO 
layer, a thin Mg layer of 0.3 nm was inserted before MgO deposition. The 
CoFe layer inserted between MgO barrier and CoFeB layer is to improve the 
interface. The post-annealing effect was investigated by ex-situ post-annealing 
at various temperatures ranging from Tpa = 250 oC to 400 oC in high vacuum in 






Figure 7.12 M-H loops for p-MTJs with structure of MgO/Cr 40 
nm/Fe2Cr0.7Co0.3Si 1 nm/Mg 0.3 nm/MgO 0.7 nm/CoFe 0.1 nm/CoFeB 1.5 nm/ 
Ta 1 nm/Ru 5 nm with (a) Tpa = 300 oC, (b) Tpa = 320 oC, (c) Tpa = 340 oC, (d) 






Figure 7.13 M-H loops for p-MTJs with structure of MgO/Cr 40 
nm/Fe2Cr0.7Co0.3Si 1 nm/Mg 0.3 nm/MgO 0.7 nm/CoFe 0.1 nm/CoFeB 1.5 nm/ 
Ta 5 nm/Ru 5 nm with (a) Tpa = 300 oC, (b) Tpa = 320 oC, (c) Tpa = 340 oC, (d) 
Tpa = 360 oC, (e) Tpa = 380 oC, and (f) Tpa = 400 oC, respectively. 
 
Figure 7.12 and 7.13 shows M-H loops for p-MTJs under different Tpa 
with 1 nm-thick Ta layer and 5 nm-thick Ta layer, respectively. A clear 
exchange bias (EB) is observed with Tpa ≥ 320 oC for both cases. Furthermore, 
the EB is destroyed for p-MTJ with 1 nm-thick Ta layer at Tpa = 380 oC, while 
the EB remains for p-MTJ with 5 nm-thick Ta layer at Tpa = 380 oC and 400 oC. 





crystalline structure of the top electrode CoFeB at higher Tpa by avoiding B 
diffusion. 
 
Figure 7.14 (a) RA and (b) TMR ratio as a function of Tpa for p-MTJs with 1 
nm or 5 nm thick Ta layer. 
 
Figure 7.14(a) compares the resistance-area product (RA) as a function of 
Tpa between 1 nm and 5 nm thick Ta layer. A higher RA value is observed for 
p-TMJs with 5 nm-thick Ta layer and the highest RA value is obtained for p-





ratio for 1 nm and 5 nm thick Ta layer, respectively. The highest TMR ratio is 
achieved as 9.5% for p-MTJs with 1 nm-thick Ta layer at Tpa = 340 oC, and 
35.3% for p-MTJs with 5 nm-thick Ta layer at Tpa = 340 oC. This could result 
from the improvement of crystalline structure of MgO barrier and top 
electrode as well as the interfacial properties between MgO barrier and 
electrodes at an appropriate post-annealing temperature. A higher TMR ratio 
is obtained for p-MTJs with 5 nm-thick Ta layer, which further confirm that 5 
nm-thick Ta layer is an appropriate thickness to optimize the top electrode 
CoFeB structure in p-MTJs. 
 
7.3.2 p-MTJs using Fe2Cr1-xCoxSi with different Co compositions 
Based on the results of subsection 7.3.1, we have chosen 5 nm-thick Ta 
layer on the top electrode CoFeB layer for p-MTJs to avoid B diffusion. In this 
subsection, we investigate the TMR performance in p-MTJs using FCCS films 
with different Co composition (x).  
The MTJ structure of MgO (100)/ Cr (40 nm)/ Fe2Cr1-xCoxSi (1 nm)/Mg 
(0.3 nm)/MgO (0.7 nm)/CoFe (0.1 nm)/CoFeB (1.5 nm)/ Ta (5 nm)/Ru (5 nm) 
were fabricated, and x is the nominal composition determined by the relative 
deposition rate of each target and set as 0, 0.3, 0.5, 0.7, 0.9, 1, respectively. 
The FCCS films with different x were prepared by co-sputtering technique 
using Fe2CrSi and Fe2CoSi sputtering targets as mentioned in Chapter 6. The 
in-situ thermal treatments (Tia) are as follows: 600 oC for MgO substrate for 1 
hour, 700 oC for Cr buffer layer for 30 mins in order to achieve a very flat 





The MgO layer was grown by RF sputtering using MgO target at room 
temperature. The 0.3 nm-thick Mg layer and 0.1 nm-thick CoFe layer were 
inserted to improve the interface between bottom/top electrode and MgO 
barrier. The post-annealing effect was investigated by ex-situ post-annealing 
from Tpa = 320 oC to 400 oC in high vacuum in the presence of an out-of-plane 
magnetic field of 1 Tesla for 1 hour. 
 
Figure7.15 M-H loops for p-MTJs using Fe2CrSi as the bottom electrode with 
(a) Tpa = 320 oC, (b) Tpa = 340 oC, (c) Tpa = 360 oC, (d) Tpa = 380 oC, and (e) 






Among all the p-MTJs using FCCS films with Co composition x = 0, 0.3, 
0.5, 0.7, 0.9 and 1, only p-TMJs using Fe2CrSi and Fe2Cr0.7Co0.3Si can be 
observed with EB after post-annealing, as shown in Fig. 7.15 and 7.13, 
respectively. Figure 7.14 shows a sharp magnetization reversal is observed at 
340 oC ≤ Tpa ≤ 380 oC, indicating a better crystalline structure of MTJ 
structure at appropriate Tpa. The vanishing of EB at Tpa = 400 oC may be due 
to diffusions of Cr buffer layer [29-31] and Mn at high Tpa. The Mn diffusion 
has been evidenced by EDX results in Chapter 5 & 6. 
 
Figure7.16 M-H loops for p-MTJs using Fe2Cr0.3Co0.7Si as the bottom 
electrode with (a) Tpa = 320 oC, (b) Tpa = 340 oC, (c) Tpa = 360 oC, (d) Tpa = 





The EB cannot be obtained for p-TMJs with the rest of Co composition (x 
= 0.5, 0.7, 0.9, and 1). Figure 7.16 show a typical M-H loops for p-MTJs using 
Fe2Cr0.3Co0.7Si with Tpa = 320 oC to 400 oC. As we discussed previously, 
Fe2CrSi has the strongest PMA and becomes poorer as x increases, since Fe-O 
bonding is predominant and generates PMA in FCCS films. As a result, the 
poorer PMA in FCCS films with higher x is not robust enough for p-MTJ 
application. 
 
Figure 7.17 RA and TMR ratio as a function of Tpa for p-MTJs using Fe2CrSi 
as the bottom electrode. 
 
Figure 7.17 depicts the resistance-are product (RA) and TMR ratio as a 
function of Tpa for p-MTJs using Fe2CrSi as the bottom electrode. The RA 
value reduces with Tpa, which could be due to a better interface between MgO 
barrier and electrodes. The highest TMR ratio for p-MTJs using Fe2CrSi is 
51.3%, while the highest TMR ratio for p-MTJs using Fe2Cr0.7Co0.3Si is 35.3% 





Fe2CrSi as compared to that of Fe2Cr0.7Co0.3Si, which could attribute to 
stronger and more robust PMA in Fe2CrSi film. 
 
7.4 Summary 
The PMA was achieved in annealed FCCS Heusler alloys with different 
Co composition x. The Co composition is varied to tune the Fermi level in 
order to achieve both higher spin polarization and better thermal stability. The 
PMA is thermally stable up to 400 oC for FCCS with x = 0, 0.3, 0.5, and 350 
oC for FCCS with x = 0.7, 0.9, 1. The thickness of FCCS films with PMA 
ranges from 0.6 nm to 1.2 nm. The post-annealing temperature and FCCS 
thickness are found to greatly affect the PMA. The magnetic anisotropy 
energy density KU is 2.8 × 106 erg/cm3 for 0.8 nm Fe2CrSi, and decreases as 
Co composition x increases, suggesting that the PMA induced at FCCS/MgO 
interface is dominated by the contribution of Fe atoms. There is a trade-off 
between high spin polarization and strong PMA by adjusting the Co 
composition. The p-MTJs using FCCS films as bottom electrode have been 
fabricated and an attractive TMR ratio as high as 51.3% is achieved for p-
MTJs using Fe2CrSi as the bottom electrode. Therefore, Heusler alloy Fe2CrSi 
is a promising PMA candidate for p-MTJ application. Table 7.1 summarises 
TMR ratio in p-MTJs using Heusler alloys and CoFeB. Among these PMA 
materials, Fe2CrSi has smaller MS, which allows for a low critical current for 
spin transfer torque switching in spin torque devices. We note that the PMA is 
observed in Co2FeAl0.5Co0.5 film with larger thickness up to 4.8 nm [15]. 





thermal stability ∆ of Fe2CrSi is as high as 70 as discussed in Chapter 7, 
which is large enough to endure a retention time of over ten years. Further 
detailed study could be carried out to maintain the PMA for Fe2CrSi films 
with larger thickness. 






Fe2CrSi 400 ≤ 1.2 51.3% 
 (1 nm) 
CIPT 




Co2FeAl0.5Si0.5 1200 ≤ 4.8  Not reported N.A 




Table 7.1 Summary of TMR ratio in p-MTJs using Heusler alloys and CoFeB. 
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Heusler alloys have attracted much attention due to high spin polarization 
for spintronics devices, such as MgO based magnetic tunnel junctions (MTJs). 
The Co-based Heusler alloys have been the focused attention in the literature, 
while Fe-based Heusler alloys are less studied. Compared with Co-based 
Heusler alloys, Fe-based Heusler alloys, such as Fe2CrSi, have high majority 
density of states (DOS) at Fermi level (EF). This implies that its spin 
polarization is more robust against imperfectly empty minority density of 
states such as thermal excitations or crystalline imperfections. Moreover, the 
magnetization of Fe2CrSi is found to be small (~2 µB/f.u.), as compared to Co-
based Heusler alloys (4 - 6 µB/f.u.). This allows for a low critical current for 
spin transfer torque switching in spin torque devices. In addition, Fe2CrSi has 
a Curie temperature of 630 K, which is low enough for thermally assisted 
switching devices and yet high enough for device operation. 
This thesis provide a detailed study of Fe-based full Heusler alloys 
Fe2CrSi and Fermi-level-tuned Fe2Cr1-xCoxSi films as well as their application 
in both in-plane and perpendicular MTJs. All the samples were deposited 
using ultra-high vacuum magnetron sputtering system. The morphology 
property was studied by AFM and the structural property was characterized by 
XRD and HRTEM. Moreover, the magnetic property was investigated by 
VSM, AGM, and SQUID. The interfacial property was investigated by XPS. 
In addition, the tunneling magnetoresistance (TMR) performance is measured 
using current in-plane tunneling (CIPT) technology. The key achievements of 





In Chapter 4, single crystalline and highly ordered B2 structure of full 
Heusler alloy Fe2CrSi thin film is obtained by in-situ annealing at Tia = 400 oC. 
After the optimization of MTJ structure using Fe2CrSi as a bottom electrode, a 
TMR ratio of 2.5% is achieved at room temperature. The low TMR ratio is 
caused by the oxidation of Fe2CrSi at the interface with MgO barrier. The 
oxidized Fe2CrSi surface may act as additional scattering centres for spin 
polarized tunneling electrons. This could reduce the spin polarization and 
suppress the TMR performance. A 0.3 nm-thick Mg layer is inserted to 
prevent the oxidation of Fe2CrSi, which is evidenced by XPS and HRTEM. As 
a result, the TMR ratio at room temperature is enhanced to 8.1%. Another 
main reason causing the low TMR ratio is that the DOS of majority spin of 
Fe2CrSi at the EF is very sharp and the EF is close to the conduction band edge 
of minority spin (small half metallic gap). Hence, a little shift of the EF may 
cause a large reduction of spin polarization and therefore the TMR ratio 
suffers seriously from the thermal fluctuation. 
In Chapter 5, full Heusler alloy Fe2Cr0.5Co0.5Si thin film with partial L21 
structure is achieved, which has better chemical ordering as compared to B2 
structure Fe2CrSi. A TMR ratio of 15.6% is obtained for in-plane MTJs using 
Fe2Cr0.5Co0.5Si, which is higher than that of in-plane MTJs using Fe2CrSi. 
This can be attributed to the successful shifting of EF close to the center of 
minority band gap and the appearance of L21 structure. 
In Chapter 6, among all full Heusler alloys Fe2Cr1-xCoxSi films with 
various Co compositions (x) deposited by co-sputtering Fe2CrSi and Fe2CoSi 
targets, the L21 structure are obtained for x = 0.3 and 0.5, while B2 structure 





19.3% at room temperature for in-plane MTJs using Fe2Cr0.3Co0.7Si with B2 
structure, rather than Fe2Cr0.7Co0.3Si and Fe2Cr0.5Co0.5Si with L21 structure. 
This suggests that the chemical ordering and the crystalline quality are more 
important to enhance the spin polarization rather than the formation of L21. In 
addition, the EF in Fe2Cr0.3Co0.7Si may have been tuned close to the center of 
band gap of minority spin compatible with high majority DOS at EF, resulting 
in a better thermal stability and higher spin polarization. Furthermore, the 
ferromagnet/insulator interface plays a critical role in the enhancement of the 
TMR ratio. The removal of interface defects would effectively increase the 
TMR ratio. As a result, an additional 0.1 nm thick of Mg layer insertion has 
efficiently prevented the oxidation and significantly improved the TMR ratio 
up to 28%. However, there could be Mg residual in some locations along the 
interface and it is hard to control the exact Mg thickness for a perfect interface 
at which there is neither metallic Mg residual nor oxidized bottom electrode. 
Last but not the least, the TMR ratio could be further enhanced if high 
chemical ordering and crystalline quality with fully ordered L21 structure 
Fe2Cr0.3Co0.7Si structure could be achieved. 
In Chapter 7, perpendicular magnetic anisotropy (PMA) is achieved in 
annealed full Heusler alloys Fe2Cr1-xCoxSi films with thickness ranging from 
0.6 nm to 1.2 nm. The PMA is thermally stable up to 400 oC for Fe2Cr1-xCoxSi 
with x = 0, 0.3, 0.5, and 350 oC for Fe2Cr1-xCoxSi with x = 0.7, 0.9, 1. The 
magnetic anisotropy energy density KU is 2.8 × 106 erg/cm3 for 0.8 nm 
Fe2CrSi, and decreases as Co composition (x) increases, suggesting that the 
PMA induced at FCCS/MgO interface is dominated by the contribution of Fe 





adjusting Co composition. An attractive TMR ratio is achieved as high as 51.3% 
for perpendicular MTJs (p-MTJs) using Fe2CrSi as the bottom electrode, while 
the TMR ratio is obtained with 35.3% for p-MTJs using Fe2Cr0.7Co0.3Si as the 
bottom electrode. There is no TMR ratio obtained for p-MTJs using Fe2Cr1-
xCoxSi with the rest of Co compositions. This could be due to poorer PMA 
property for Fe2Cr1-xCoxSi with higher Co composition, which is not robust 
enough for p-MTJ application. Therefore, Heusler alloy Fe2CrSi is a 
promising PMA candidate for p-MTJ application. 
 
8.2 Recommendations for future work 
For the in-plane MTJs using Fe-based full Heusler alloys Fe2Cr1-xCoxSi 
films, the top electrode is CoFe layer pinned by IrMn layer in this study. One 
possible way to improve the TMR ratio is to use Heusler alloys Fe2Cr1-xCoxSi 
for both bottom and top electrodes, since Heusler alloys are predicted to have 
high spin polarization. However, it is a big challenge to epitaxially grow 
Heusler alloys on MgO barrier with high chemical ordering and good 
crystalline structure. Another effective way to enhance TMR ratio is to 
improve the crystalline structure of MgO barrier from texture to single 
crystalline structure, and the crystalline structure of Fe2Cr1-xCoxSi film to a 
fully ordered L21 structure. Last but not the least, the ferromagnet/insulator 
interface plays a critical role in the enhancement of the TMR ratio. 
Optimizations should be done to form a perfect interface, such as a suitable 





For the PMA observed in ultra-thin full Heusler alloys Fe2Cr1-xCoxSi films 
faced to MgO, the origin remains unclear. So far, three main contributions to 
the interfacial PMA have been identified; the hybridization between 
ferromagnetic Fe- or Co-3d and O-2p electron orbitals at the interface of 
Fe2Cr1-xCoxSi/MgO, the elastic stress due to the lattice distortion arising from 
the mismatching of FCCS and MgO lattice constants, as well as the breaking 
of crystal symmetry at the interface. Further detailed study could be carried 
out to investigate the origin of PMA in Fe2Cr1-xCoxSi/MgO structure. In 
addition, the top electrode of p-MTJs is CoFeB in this study. Similarly, 
Heusler alloys Fe2Cr1-xCoxSi could be used for both bottom and top electrodes 
for low damping constant in p-MTJs at sub-50 nm dimension, since CoFeB 
has high damping constant with thickness ˂ 2 nm. However, it is a great 
challenge to achieve PMA in Fe2Cr1-xCoxSi films on the top of MgO barrier, in 
view of the difficulty to epitaxially grow of Fe2Cr1-xCoxSi films with high 
chemical ordering and good crystalline structure on the top of MgO barrier, 
especially with such thin thickness (≤ 1.2 nm). Another improvement could be 
carried out is to maintain the PMA for Fe2Cr1-xCoxSi with a larger thickness 
range. We observed the PMA for Fe2Cr1-xCoxSi with the thickness (t) between 
0.6 nm and 1.2 nm, while in-plane magnetic anisotropy is obtained for Fe2Cr1-
xCoxSi with t ≥ 1.4 nm. In 2013, Li et al. [1] reported the PMA in annealed 
Co2FeAl0.5Si0.5 with the thickness up to 4.8 nm. Nevertheless, there is no 
report on the TMR performance using this material. Therefore, further detailed 








[1] X. Q. Li, Y. Wu, S. Gao, X. G. Xu, J. Miao, and Y. Jiang, Thin Solid 
Films 545, 503 (2013). 
